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A method of solving the integral equation of absorption 
f(s)= f exp (—us)du 
0 


is developed which gives the function ¢ as a series of 
Laguerre orthogonal functions, whose coefficients are de- 
termined from the power series expansion of a function 
F(x). This in turn is simply related to the given function 
f(s); in case the latter is given numerically, the expansion 
may be accomplished by the method of least squares. 
The function ¢ (called the absorption coefficient spectrum 
of the radiation) is determined for cosmic rays at several 
altitudes and latitudes. In each case there are two maxima 
of intensity, one at =0.06 and one at »=0.6 (meters 


water)“, The minimum of intensity occurs at ~=0.25, 
or 1/u=4 m water =30 cm mercury. This is also the range 
of the rays responsible for the inflection points of the 
Compton-Stephenson high altitude curve, but no con- 
sistent explanation of the correlation is found. The 
spectrum also shows a range of negative intensity, indi- 
cating the presence of secondary radiations. In no case is 
there any evidence for a line structure of the spectrum. 
No basis is found for restricting the assumption of ex- 
ponential absorption to apply only to equatorial data; 
neither is any evidence discovered which makes the 
assumption a necessary one at any latitude. Only data on 
the absorption in air and water are considered; several 
points are indicated at which the existing data require 
extension. 


I. INTRODUCTION 


HE cosmic-ray absorption curve has been 

analyzed by Millikan and his co-workers,' 
by Kulenkampff,?> Lenz* and others. These 
interpretations have been based on various 
assumptions, some of which are common to all, 
while others are specific with one writer. The 
most common assumption is that a unidirectional 
beam of homogeneous rays is absorbed according 
to an exponential law, which corresponds roughly 
to supposing that the rays are electromagnetic in 
nature. This second form of the assumption 
cannot be maintained unqualifiedly, since it is 


R.A. Millikan and G. H. Cameron, Phys. Rev. 37, 240 
(1931). I. Bowen, R. A. Millikan and V. H. Neher, Phys. 
Rev. 44, 246 (1933). 

*V. H. Kulenkampff, Phys. Zeits. 30, 561 (1929), 

°E. Lenz, Zeits. f. Physik 83, 194 (1933). 


known, both from the existence of a latitude 
effect and from experiments with expansion 
chambers, that there are charged particles among 
the rays. However, the assumption of exponential 
absorption has had a certain measure of success 
and the results of different workers show a 
consistency which is remarkable in view of the 
serious objections advanced by L. D. Weld 
against the method of calculation.‘ This method 
consists in introducing the second assumption 
that the rays have a line spectrum and then 
guessing both the absorption coefficient and 
intensity of each line; from this guess a synthetic 
curve can be constructed and compared with the 
observed absorption curve. When a sufficiently 
close fit is obtained, the guess is supposed to be 


*L, D. Weld, Phys, Rev. 40, 713 (1932). 
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correct. This is, perhaps, not an entirely fair 
description of the procedure, since there are 
certain features of the observed curve which can 
be used as aids in determining the trial values of 
the coefficients,’? but in its essentials it is correct. 
Weld devised a procedure for correcting the first 
trial values by the method of least squares® and 
found the corrections to be inadmissably large, 
from which he concluded that the results were 
meaningless. 

Since it is probable that few writers have 
considered the assumption of a line spectrum as 
other than a simplification, it becomes desirable 
to eliminate it. This is one purpose of the present 
paper; a second is to apply the assumption of 
exponential absorption in a uniform manner to 
data of various types, which has not hitherto 
been possible because of the method of calcu- 
lation. 


II. THEORY OF ABSORPTION CURVES 


Consider first a beam of unidirectional but 
inhomogeneous radiation, so that the intensity of 
that portion of the radiation whose absorption 
coefficient lies between w and is o(u)dy. 
The function ¢(u) may be called the absorption 
coefficient spectrum of the radiation, or simply 
its spectrum if no confusion can result from the 
omission of the modifier. After passing through a 
thickness s of matter, the total intensity wili be 


f(s)= (1) 


If, in addition to being inhomogeneous, the 
radiation is incident upon the surface s=0 from 
all directions with equal intensity, the total 
intensity at s will be (¢=s/cos @) 


f(s/cos 0) sin 6d0 
0 


As Gross® has shown, this relation may be solved 

for f: 

(log I)/d (log s)]}. (3) 
5 An alternative method to Weld’s is K. Pearson's 


Method of False Position, Phil. Mag. 5, 658 (1903). 
5 B. Gross, Zeits. f. Physik 83, 214 (1933). 


The first form of Eq. (3) yields a simple graphical 
method of constructing the f-curve from the 
I-curve: at abscissa s draw the tangent to the 
I-curve, continuing it until it intersects the 
I-axis. The projection of this point on the 
ordinate at s will be a point on the f-curve. This 
graphical method becomes very inaccurate for 
large values of s, and the logarithmic form is 
preferrable for numerical calculation. 
The function J(s) may also be written 


I(s)= exp (—us)du; (4) 


substitution of Eq. (1) in the second form of Eq. 
(2) yields 
6(u) = (1/u?) (S) 


$= 20+ u(d0/dy). (6) 


The problem presented by the cosmic-ray data 
is the determination of ¢(u) from a knowledge of 
I(s); two procedures are available: (1) f may be 
calculated from Eq. (3) and Eq. (1) then solved 
for ¢; or (2) Eq. (4) may be solved for 6, and ¢ 
calculated from Eq. (6). Both methods involve 
the solution of an integral equation of the same 
form (Eqs. (1) and (4)); for reasons which will 
appear, the first procedure will be adopted, and 
f(s) treated as a known function. 

In Section VIII it will be important to be free 
of the assumption of uniform incidence from all 
directions; it will be noted that this assumption 
does not enter into Eq. (4), which is valid for any 
directional distribution whatever. It does enter, 
through Eq. (2), into Eqs. (5) and (6). 


or 


III. SoLution or Ea. (1) 


Eq. (1) arises in numerous physical problems, 
e.g., the determination of the “‘luminosity-depth” 
function of a thick x-ray target from the observed 
angular distribution of its radiation. If s is a 
complex number, the equation may also be made 
the basis of the theory of electric circuits.’ In the 
particular cases that s is a pure imaginary or that 
f and ¢ are analytic functions, it may be solved 
by Fourier’s theorem. Unfortunately, neither of 
these special cases is realized in the cosmic-ray 
problem. Carson? has based a treatment of 

7 J. R. Carson, Electric Circuit Theory and the Operational 


Calculus, McGraw-Hill (1926). Eq. (29), p. 21 is identical 
with Eq. (1) above, except for notation. 
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TABLE I. Values of the Laguerre functions u,(a). 


a uo us Us ur 
0.0 1.00000 1.00000 1.00000 1.00000 1.00000 1, 1.00000 
Al 0.95123 0.85611 0.76574 0.67997 0.59864 0.52161 0.44872 0.37984 
2 90484 72387 -56100 41502 28478 16920 -06725 02207 
3 86071 60250 -38302 19839 04505 08033 - 18080 — .25916 
4 81873 49124 -22924 02402 — .13231 — .24678 — .32572 37478 
5 77880 -38940 -09735 — .11357 — .25757 — .34701 — .39263 — .40368 
6 74082 -29633 — .01482 — .21928 — .33974 — .39534 — .40213 — .37349 
7 70469 -21141 — .10923 — .29750 — .38664 — .40382 — .37103 — .30581 
8 67032 -13406 — .18769 — .35214 — .40505 — .38257 — .31283 — .21730 
o 63763 -06376 — .25186 — .38672 — .40085 — .34000 — .23830 — .12048 
1.0 -60653 — .30327 — .40435 — .37908 — .28305 — .15584 — .02455 
1.1 -57695 — .05770 — .34329 — .40781 — .34405 — .21736 -07 193 06403 
1.2 -54881 — .10976 — .37319 — .39953 — 29943 — .14749 -00863 14097 
1.3 -52205 — .15661 — .39414 — .38170 — .24832 — .07705 -08237 20372 
1.4 -49659 — .19863 — .40720 — .35622 — .19330 — .00885 - 14693 25107 
1.5 47237 — .23618 — .41332 — .32475 — .13654 05499 -20085 28283 
1.7 42741 — .29919 — .40818 — .24954 02450 16386 -27440 30251 
2.0 36788 — .36788 — .36788 — .12263 12263 26978 -30248 24409 
2.2 33287 — .39945 — .32621 — .03817 19886 -27572 16742 
2.5 -28650 — .42976 — .25069 07760 27531 29583 -18967 03093 
2.7 25924 — .44071 — .19573 14375 30132 26467 -11502 05761 
3.0 22313 — .44626 11157 22313 -30680 18966 — .00279 — .16655 
3.5 17377 — .43443 02172 -24663 03091 — .16689 — .25299 
4.0 13534 — .40601 13534 31578 -13534 — .11729 — .24962 — .22040 
4.5 10540 — .36890 22397 28326 -00906 — .21846 — .24421 — .10929 
5.0 08209 — .32834 -28730 21889 — .10603 — .25994 — .17158 02671 
5.5 06393 — .28768 -32763 13718 — .19428 — .24574 — .06336 14275 
6.0 04979 — .24894 34851 04979 — .24894 — .18919 -04979 -21195 
7.0 03020 — .18118 34727 11072 — .26045 — .01560 - 19050 
8.0 01832 — .12821 31137 22589 — .17705 -14530 -22019 -03274 
9.0 O1lii — .08887 26106 28883 — .05138 -23107 -11984 — .12958 
10.0 -00674 — .06064 -20888 — .30770 07412 -23134 — .02321 — .20823 
11.0 -00409 — .04087 -16143 — .29561 17454 - 16667 — .14545 — .18442 
12.0 -00248 — .02727 -12146 — .26523 24044 -06792 — .21169 - J 
13.0 -00150 — .01804 -08945 — .22652 27269 — .03693 — .21493 -03166 
14.0 -0009 1 — 01185 -06474 — .18633 27752 — .12845 — .16704 -13397 
15.0 -00055 — .00774 04618 — .14878 -26292 — .19648 — .O8811 -19359 
17.0 -00020 — .00326 02269 — .08858 -20443 — .25622 -17127 -12175 
20.0 -00005 — .00086 00731 — .03597 11143 — .21636 -23169 — .04623 
25.0 -00000 — .00009 00098 — .00649 02845 — .08586 -17664 — .22921 
30.0 -00000 — .00001 00012 — .00099 00561 — .02276 -06740 — .14417 


Heaviside’s operational methods on the equation, 
practically without restriction on the complex 
nature of s, so that Heaviside’s solutions are 
available. However, they are at best convergent 
power series and at worst asymptotic series; in 
either case they are valuable only for restricted 
ranges of uw and s. The following solution is valid 
for wider ranges of the variables, and has not 
previously appeared in the literature, to the 
writer’s knowledge. 

It is convenient to introduce the dimensionless 
variables 


a= 2sou, (7) 
where So is any convenient unit of length. Eq. (1) 
then becomes 
= (1/2) (a) exp (8) 
0 


where 


D(a) = o(u)/So. (9) 


This function may be expanded as a series of 
Laguerre orthogonal functions :* 


= Lanun(a), 


Un(a)=(1/n!) exp (—a/2)Ln(a), 


where L, is the mth Laguerre polynomial. On 
substituting Eq. (10) into Eq. (8), the latter 
becomes 


(10) 


= (11) 


since it is readily shown that (cf. Sommerfeld, 
reference 8, page 94) 


(1/2!) Lala) exp [—a(¢+1)/2da 
(12) 


8 Courant-Hilbert, Methoden der Mathematischen Physik, 
Ist Ed., p. 79; A. Sommerfeld, Ergdnzungsband, p. 75. 
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On introducing the abbreviations 


x=(§-1)/(E+1), F(x)= (E+ (13) 
Eq. (11) becomes 
F(x) = Zanx". (14) 


Thus, in order to obtain the coefficients of Eq. 
(10), it is merely necessary to calculate F(x) 
from f(s) and then approximate it by a poly- 
nomial. This may be done by the method of least 
squares, or any other available procedure. To 
plot the function (qa), the numerical values of 
the Laguerre functions are required; these are 
given in Table for n=0- --7. 


IV. THE “ELECTROMETER ZERO” AND THE ‘“‘Low 
ABSORPTION LIMIT” 


The data obtained from the ionization chamber 
measurements of Millikan and Cameron! and of 
Regener'’® are the values of J(s)+const., the 
constant being the “electrometer zero.”’ This is 
not determined directly, but is obtained by 
extrapolation on the assumption that J(s)-~a 
exp (— wos) for large values of s, or alternatively, 
that I(s)—>aG(uos) (G being the Gold function). 
Both of these procedures are based on the idea 
that there is a “low absorption limit’”’ to the 
cosmic-ray spectrum analogous to the short wave 
limit of an x-ray spectrum. This idea is an 
obvious one if the cosmic rays are electromagnetic 
radiation, but its verification would be remark- 
able if this assumption is not correct. It is 
important to clarify the issues on this point 
before proceeding further, since they are also 
related to Weld’s results. 

If the idea of a low absorption limit is to be 
adopted, it leads naturally to replacing Eq. (4) by 


I(s)= exp (—us)dp, (4.1) 


uo being the smallest value of » for which 6(u) is 
not identically zero. If this integral be subjected 
to repeated partial integration, it results in 


® Table I was prepared by Mrs. G. S. Monk, to whom the 
author is also indebted for carrying out other parts of the 
calculations, particularly those involving least squares 
methods. 

”E, Regener, Phys. Zeits. 34, 308 (1933); Zeits. f. 
Physik 74, 433 (1932). 


I(s)= exp (— pos) [0(uo)/s 
+6’ (uo)/s?+O(1/s*)}, (4.2) 


6’ being the derivative of @. If it be assumed that 6 
approaches zero in a continuous manner as u 
approaches yuo from above, @(uo) vanishes and 
I> 6’ (uo) [exp (—wos)]/s%. An examination of 
Regener’s data from this point of view leads only 
to the conclusion that 6’(uo) is very large, but 
does not yield any value for uo. The data would 
have to be extended to enormously greater 
depths before they could be used to determine the 
low absorption limit on this basis. Alternatively, 
one may suppose that @(uo) is not equal to zero 
which is equivalent to supposing that J>aG(uos) ; 
on this basis it is possible to obtain values of all 
three quantities, uo, @(uo) and the electrometer 
zero, but yo is only slightly greater than its 
estimated probable error—the data would even 
tolerate a small negative value. This is one of 
Weld’s results, in essence. 

Under these circumstances, the only reasonable 
tentative assumption to make is that yo and 
@(uo) are both zero, which will be done in the 
following. This point can be satisfactorily cleared 
up only by a direct determination of the elec- 
trometer zero, which will increase the accuracy of 
the wo calculation. This assumption leads to a 
value of 0.73 v/hr for the zero of Regener’s 
instrument, as compared to the value 0.78 
diffdently adopted by him. If the zero of the 
Mill:-kan-Cameron instrument be determined so 
that their data agree with Regener’s, a value of 
0.95 ion/cm*/sec. is obtained, as compared to 
the value 1.2+0.2 adopted by them. 


REGENER 
© MILLIKAN & |CAMERON 
—EQUATION 16 
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Fic, 1. Graph of F(x), numerical data as in Eq. (15). 
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V. THE ANALYSIS OF THE COMBINED DATA OF 
REGENER AND MILLIKAN AND CAMERON" 


When combined as just described, the data of 
Regener and Millikan and Cameron furnish a set 
of values of J(s) in the range 8.25<s<240 
equivalent meters of water. From these a large 
graph of log J vs. log s was constructed; its slope 
was calculated numerically and the value of 
f(s) obtained from Eq. (3). It was found prefer- 
able to use the observed rather than the inter- 
polated values of J in Eq. (3), since the latter 
were subject to systematic errors of the same 
order as the random errors of the former; the 
systematic errors of the derivative could not be 
avoided. 

If the method of solution outlined in Section II 
were applied to these data, the resulting function 
¢(u) would be very uncertain because of the lack 
of data over the range 0<s<8.25. Fortunately, 
the simple device of replacing s by s—8 and ¢ 
by ¢ exp (—8uz) leaves the equation for /(s) 
unaltered and eliminates the necessity of 
extrapolation. This is Heaviside’s operation of 
shifting; the new function obviously represents 
the spectrum of the radiation at the new origin of 
s. The second of the two methods outlined at the 
end of Section II would not lend itself as readily 
to this modification. 

It is also necessary to choose the value of so 
(Eq. (7)). This quantity is found to determine the 
degree of the polynomial needed to approximate 
F(x), but the dependence is not critical. In this 
case, it was found satisfactory to take so=6; the 
value 4 or 8 would have increased the degree 
considerably, but 5 or 7 would presumably have 
been about as satisfactory as 6. If f# is the 
equivalent depth below the top of the atmos- 
phere, the foregoing leads to the numerical 
relations 


s=h-8, t=s/6, a=12p, 
x= (h—14)/(h—2). (15) 


a The new data of Kramer, Zeits. f. Physik 85, 411 


(1933) were unfortunately inaccessible at the time these - 


calculations were made. They differ by more than the 
experimental error from those of Millikan and Cameron. 
If they had been used in the present section, some quan- 
titative differences would have resulted, and the difficulties 
to be mentioned in the next section would have been 
accentuated. The data of Corlin, Nature 133, 63 (1934) 
seem to bear out the tentative conclusion of Section IV 


above. 
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Fic. 2. Absorption coefficient spectrum of the cosmic rays 
at barometric pressure 8 m water =59 cm mercury. 


In Fig. 1, the points represent the values of F(x) 
calculated as described and the curve is the 
graph of the polynomial 


F(x) =7.90—4.40x+6.17x2— 6.20x3—3.47x* (16) 


(units: ions/cm* at 1 atmos.). The coefficients of 
this polynomial were obtained by drawing a 
smooth curve through the points and interpo- 
lating the values of F for x=0, +3, +1. The 
Lagrange interpolation formula" was then used 
to find the polynomial of fourth degree defined by 
these five points. 

From the coefficients of the polynomial, the 
function ¢(u) can be calculated immediately from 
Eqs. (9) and (10); its graph is shown in Fig. 2. 
This is seen to have two well-defined but broad 
maxima at u»=0.06 and 0.62 (meters water)~. 
For comparison, the line spectra assumed by 
various authors are indicated at the top of the 
figure.’ To assist the reader in evaluating this 
comparison it should be remarked (1) that the 
present method has sufficient resolving power to 
have separated peaks at u=0.5 and 0.8 had the 
data required it; (2) that the numbers of 
disposable constants used in the present calcu- 
lation and by Bowen, Millikan and Neher in 
their Table I synthesis are equal; (3) that the last- 
mentioned synthesis represents the data quite as 
accurately as the curve of Fig. 1, but no more so. 
The author believes that the comparison is 
unfavorable to the idea that the spectrum 
consists of lines. 


1 Courant-Hilbert, reference 8, Ist Ed., p. 83. 

In the case of Lenz's analysis only the absorption 
coefficients of the primary radiation are indicated. The 
data are taken from references 1 and 3. 
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Fic. 3. Graph of F(x), numerical data as in Eq. (17). 


VI. THe SPECTRUM AT HIGHER ALTITUDE 


The spectrum of the cosmic rays at a point 4 
equiv. meters below the top of the atmosphere 
may be obtained by combining the ionization 
data obtained by Mott-Smith and Howell and 
Bowen, Millikan and Neher! with the under- 
water data discussed in the last section. The 
validity of this combination depends on as- 
sumptions regarding phenomena occurring at the 
air-water interface which have not yet been 
tested in sufficient detail, but which may be 
tentatively accepted. In this way values of J(s) 
are obtained for the range 4<h<240, but the 
data for the smaller values of h are by no means 
as reliable as those for larger. Choosing s=h—4, 
and so=4, so that 


t=(h—4)/4, a=8u, x=(h—8)/h, (17) 
it was found-that 


F(x) =47.4—131.4%+ 128.5x? 
+ 25.423 (18) 


The coefficients of this polynomial were obtained 
in a slightly different way from those of Eq. (16): 
by graphical interpolation values of -F were 
obtained for x=0, +0.2, +0.4, ---+1.0. These 
values were then weighted proportionally to 
1/(1—x) to take account of the preponderant 
amount of the data for large values of s, and the 
polynomial determined by least squares. No 


doubt it would have been better statistical 


‘8 L. Mott-Smith and L. G. Howell, Phys. Rev. 42, 314 
(1932). 


ECKART 


practice to have omitted the interpolation and 
treated the original data; a glance at Fig. 3 also 
suggests that a polynomial of the sixth degree 
might have fitted the data more closely. It is not 
clear, however, that these technical improve- 
ments would have increased the significance of 
the results (see Section VII). 

The solid curve of Fig. 4 represents ¢ as 
determined from the coefficients of Eq. (18). 
The two peaks have scarcely shifted their 
positions, but their relative and absolute heights 
have altered because of the smaller amount of 
filtering at the higher altitude. The broken curve 
represents @ as calculated from Fig. 2 by 
multiplying its ordinates by exp (+4); the two 
curves should be identical, but actually the 
agreement is only qualitative. It is possible that 
the difference is due entirely to inaccuracies of 
the data and the calculations, but if real it must 
be ascribed to phenomena occurring at the air- 
water interface. 


VII. THe INFLUENCE OF SECONDARY RADIATIONS 


The negative values of @ which are very 
pronounced in Fig. 4 require discussion. They 
may be considered as due to secondary radiations, 
which were not considered in the developments 
of Section II. There, ¢ was supposed to be the 
intensity of the primary radiation, and therefore 
essentially positive. If the influence of secon- 
daries be taken into account, this restriction is 
removed, but the interpretation of ¢ becomes less 
simple. 


\ 
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Fic. 4. Absorption coefficient spectrum of the cosmic rays 
at barometric pressure 4 m water =30 cm mercury. 
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The problem of the secondary radiations 
accompanying the primary cosmic rays is a 
complex one and no complete discussion of it is 
possible at this time. The following sketch omits 
many essentials, but will serve to bring out a 
point which has not received sufficient con- 
sideration. Let ¢:(u) be a function which can be 
given the interpretation which has previously 
been assigned to ¢(u), and suppose that primary 
radiation of absorption coefficient » produces 
secondary radiation of absorption coefficient 
ue>u. For simplicity, tertiary, etc., radiations will 
be neglected. Suppose also that the secondaries 
travel in the same direction as the primaries; 
then it may be shown that" the ionization 
produced by the complex beam is given by 


f(s)= f $:(u) {a(u) exp (—xs) 
—b(u) exp (—es)}du, (19) 


where a and 3 are essentially positive functions. 
To perform the integration, ue must be known as 
a function of yw, or preferably » as a function of 
M2, Say w=g(us). Then the change of variable 
from yp to we in the second term of the integral 
reduces Eq. (19) to the form of Eq. (1) with 


$(u) = a(u)oi(u) Je’(u). (20) 


This new function ¢ is not restricted to positive 
values, and the negative ordinates of Fig. 4 are 
explicable. 

However, it is the function ¢; which is of 
interest for the problem of the origin and nature 
of the cosmic rays, and having found ¢, the 
problem of determining ¢; is encountered. It is 
by no means certain that this problem possesses a 
unique solution, even granting that the functions 
a, b and g, were known from theory, which they 
are not. Furthermore, Eq. (20) was derived on 
highly simplified assumptions; the true equation 
will be much more complex. It seems that no 
reliable conclusions concerning this point can be 
reached by analytical means: the problem is 
essentially an experimental one. Methods must 
be devised for measuring the primary rays alone, 


“See Kulenkampff, reference 2, and T. H. Johnson, 
Phys. Rev. 41, 545 (1932). This point has also been em- 
phasized by Millikan. 


without admixture of secondary effects.'® Unless 
the experimental data are such that the simple 
interpretation of Section II is valid, the function 
¢ obtained by the procedure outlined there has 
little more significance than the original unre- 
duced data J(s). 


VIII. THe Latitrupe EFrect 


R. A. Millikan'® has recently advanced an 
hypothesis to account for the latitude effect, 
according to which the cosmic rays at accessible 
altitudes in equatorial regions are entirely 
composed of photons (or neutrons) while the rays 
reaching the earth at higher latitudes are 
contaminated with electrically charged particles. 
Bowen, Millikan and Neher have interpreted this 
hypothesis to mean that only absorption data 
obtained in equatorial regions may be analyzed 
on the assumption of exponential absorption. It 
is therefore necessary to analyze data from the 
two regions in a uniform manner in order to 
determine whether there is an experimental basis 
for this distinction. 

In view of the asymmetry of the directional 
effect in equatorial regions" it is not justifiable to 
assume that the rays are incident from all 
directions with uniform intensity. (This as- 
sumption is implicit in the use of Gold functions.) 
This point alone makes the hypothesis difficult to 
defend, for an explanation of the asymmetry of 
the directional effect apparently requires mag- 
netic deviability of the rays. Supposing that this 
objection can be answered, there still remains the 
question, is there any experimental basis for 
applying the assumption of exponential ab- 
sorption only to equatorial data? Such a basis 
is not apparent from the J(s) curves;* the ¢- 
curves cannot be given the same meaning for the 
two regions; there remains only the possibility 
that the @-curves (cf. Eq. (4)) which do not 
depend on the assumption of all-sided incidence, 
will reveal the difference to be expected on this 
hypothesis. 


45 For a more detailed discussion of this problem, see 
a a and R. J. Stephenson, Phys. Rev. 45, 441 
1934). 

16 R. A. Millikan, Phys. Rev. 43, 666 (1933). Also Bowen, 
Millikan and Neher, reference 1. 

17 B. Rossi, Phys. Rev. 45, 212 (1934). T. H. Johnson, 
Phys. Rev. 43, 834 (1933); 44, 856 (1933). L. Alvarez, 
Phys. Rev. 43, 835 (1933). 

48 A. H, Compton and R. J. Stephenson, reference 15. 
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To obtain material for such a comparison, the 
data given in Table I, ‘‘observed” column, of the 
paper by Bowen, Millikan and Neher! were 
taken as representing the equatorial data. (The 
electrometer zero was altered in such a way as to 
increase each value by 0.0081 unit.) The ratio of 
the ionization at March Field to that in Panama 
and Peru was next determined from Fig. 3 of the 
same paper; thus two /(s) curves were available, 
one for equatorial and one for northern latitudes. 
The calculations for the coefficients of @ (shifted 
to 4 m water below the top of the atmosphere) 
were then carried out uniformly (and simul- 
taneously) with those already described in 
Section VI. 

The resulting functions @ and their difference 
are plotted in Fig. 5. It is believed from various 


= 
i Thy — PANAMA - PERU 
/ \ —— MARCH FIELD 
--— DIFFERENCE 
0.5 1.0 15 


Fic. 5. Comparison of @(u) at two different latitudes. From 
data of Bowen, Millikan and Neher, reference 1. 


indications interpreted in the light of previous 
experience that both 6-curves are too low in the 
range »<0.3, and both too high in the region 
0.3<y<1.0. Their relative height in the latter 
range should not be much affected by these 
errors. The only experimental basis for main- 
taining that the Panama-Peru curve is signifi- 
cant, while the March Field curve is meaningless, 
would be a complete lack of correlation between 
the difference curve and that for Panama-Peru. 
In fact a complete and obvious correlation 
exists.!® Hence, either both curves are meaning- 
less, or both significant, so far as these data can 
be considered as reliable. 


19 Tt seems probable that an entirely similar result would 
have been obtained if ¢-curves had been constructed. This 
is perhaps not surprising since it is also probable that the 
directional effect will show an asymmetry at any latitude 
provided the measurements are made at a sufficiently high 
altitude. The assumption of uniform incidence from all 
directions would then not be justified anywhere. 


CARL ECKART 


IX. DiscusstIon 


In evaluating the results obtained, it is im- 
portant to understand that the successful 
calculation of @ has no theoretical significance 
whatever. Within limits, almost any function f(s) 
can be represented by an integral of the type of 
Eq. (1), and these limits are greatly extended by 
the presence of secondary effects in the measure- 
ments, by experimental error, and by the 
impossibility of making measurements at infinite 
depths. Hence the justification of the assumption 
of exponential absorption cannot be found in the 
success of these calculations. Even if the cosmic 
rays consisted entirely of r-particles (i.e., parti- 
cles having a definite range and _ ionizing 
their paths uniformly)'® a ¢-curve could still be 
deduced from the J-curve, provided only that the 
latter exhibited no discontinuities of slope. This 
condition would imply a continuous distribution 
of ranges. In this case, however, it would not be 
possible to make a unique assignment of a given 
value of u to a single type of ray.?° 

The results obtained on the latitude effect 
cannot easily be understood on the assumption of 
exponential absorption. They seem to require 
two kinds of rays for a given value of yu, one of 
which is magnetically deflectable and the other 
not. Since it is quite easy to see that r-particles of 
two different ranges may contribute to the value 
of ¢ for a single value of u, the artificiality of this 
assumption disappears when the rays are 
assumed to be r-particles. Neither theory affords 
a satisfactory explanation of the approximate 
proportionality of the difference between the 
two curves of Fig. 5 to the ordinates of either; 
however, this quantitative result is not to be 
given much weight, nor is it to be expected that 
either theory will be valid in the simple form 
discussed here. 

It would seem that on any theory of the nature 
of the rays, the existence of the two maxima in 
Fig. 2 could be taken as evidence of two more or 
less distinct components. It should be noted, 
however, that there is considerable latitude in the 


20 If the number of r-particles having a range between r 
and r+dr is given by wexp (—ur)dr, then it is easily 
shown that f(s)=exp (—us). On the r-particle basis, the 
¢-curve therefore represents the analysis of the rays into 
elementary distributions of this form. It is obvious that 
rays of every range contribute to the value of ¢ for a given 
value of u. 
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possible descriptions of the two components. On 
the basis of exponential absorption, two extreme 
possibilities present themselves according as it is 
assumed that Fig. 2 is or is not appreciably 


affected by the presence of secondary rays not ° 


yet in equilibrium with their primaries. In the 
former case, the curve represents (qualitatively 
at least) the spectrum of the primary rays, and 
the two components are presumably of distinct 
extra-terrestrial origin. In the latter case, the 
primary rays may have a spectrum of only one 
maximum, and the minimum may be due 
entirely to the negative contribution of secon- 
daries (cf. Section VII) whose origin is terrestrial. 
The second possibility is extreme and may 
perhaps be dismissed because the experiments on 
transition effects do not suggest the existence of 
secondaries of such penetrating power. 

It is none the less interesting to note that these 
secondaries would have a mean range of about 4 
m water = 30 cm mercury, which is about the 
range of the rays responsible for the two inflection 
points of the Compton-Stephenson high altitude 
f-curve. So far as existing data are concerned, 
this quantitative agreement must be ascribed to 
chance, for it is not possible to obtain a con- 


sistent explanation of the result on either the 
assumption of exponential absorption or on that 
of r-particles. On the former basis, the two 
inflection points of the f-curve would require that 
the ordinates of Fig. 2 be very definitely negative 
at w=0.25; the data might tolerate a value 

= —5 at this point, but it is doubtful if this 
would be sufficient. On the other hand, if the 
inflection points are due to r-particles of 30-40 
cm range,'* these could not possibly affect Fig. 2, 
which was constructed entirely from data ob- 
tained at pressures greater than 60 cm. It is 
desirable that further data on this point be 
obtained. 

Perhaps the most definite conclusion to be 
derived from this study may be formulated as a 
warning against too simple an interpretation of 
the cosmic-ray absorption curve. It is certainly 
influenced by many different effects and its 
analysis will require further carefully planned 
experimental work. 

It is a pleasure to acknowledge many stimu- 
lating conversations on these matters with 
Professor A. H. Compton, and to mention again 
the assistance of Mrs. G. S. Monk, without which 
the work would have lagged interminably. 
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The Band Spectrum of CS 
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The emission spectrum of CS has been photographed 
under high dispersion (0.28A per mm) permitting a con- 
siderable extension of the data of the main A'II—x'd 
system (v,= 38,912.15 cm™), and revealing a new system 
(vo(0,0) =39,905.1 The anomalies of bands 


with extra heads or displaced origins (noted by Jevons) 
have been examined in detail and found to be due to 
rotational perturbations more widespread and _ striking 
than any previously reported. 


INTRODUCTION 


BAND spectrum discovered in 1911 by 

Fowler and Strutt! was investigated by 
Martin? and attributed by him to CS. A vibra- 
tional analysis of the spectrum made by Jevons* 
in 1927 failed to account for several strong 
bands, and revealed striking irregularities in the 
positions of the origins of bands in several 
progressions. Also, irregular values for the head- 
origin separations of many bands were found, 
and certain bands seemed to possess two R 
heads, rather than the single one expected from 
a ‘II! or a transition. 

It seemed desirable, therefore, to photograph 
the spectrum under much higher dispersion in 
order to obtain an explanation of the above 
phenomena. A rotational analysis would, in 
addition, enable one to compare the CS molecule 
with its important homologue CO, and with the 
equivalent molecules SiO and PN. _ 

It is felt that a rather full account of these 
observations is justified, since the high dispersion 
used has (1) revealed band structures of hitherto 
unreported forms, (2) permitted explanation of 
these anomalous structures in terms of peculiarly 
vigorous and widespread rotational perturba- 
tions, (3) lead to the discovery and rotational 
analysis of a second system (C'S—B'Z) of CS 
bands, and (4) made possible a more complete 
vibrational and a partial rotational analysis of 


the main system (A'II-x'D). 


! Fowler and Strutt, Proc. Roy. Soc. A86, 111 (1911). 
2 L. C. Martin, Proc. Roy. Soc. A89, 127 (1913). 
3 W. Jevons, Proc. Roy. Soc. A117, 351 (1928). 


EXPERIMENTAL PROCEDURE 


Excitation of the spectrum 


Although the spectrum of CS may be obtained 
in a sulfur-carbon arc, or an are employing 
carbon poles saturated with CS», the most 
satisfactory source appears to be a discharge 
tube (with very narrow flattened capillary) into 
which CS2 is admitted. It was found that a 
pressure of about 0.1 mm and a very low rate of 
CS: inflow resulted in a spectrum of great 
intensity and comparative purity. A higher 
pressure decreased the intensity, and made “air 
bands’”’ predominant; it also hastened the fogging 
of the window and shortened the life of the tube. 
For the virtual elimination of sulfur bands,‘ as 
well as the air bands, from low-dispersion 
spectrograms, special precautions were required. 
Not only was a new tube and a very low pressure 
necessary, but it was found essential to keep the 


_ column of excited gas as cool and free of sulfur 


as possible by stopping the discharge for a 
moment after every second of exposure. Such 
intermittent operation probably allowed the 
sulfur to deposit on the glass walls, with the 
consequent almost complete absence of the more 
troublesome Se bands. After a tube had been 
used for several hours, it was found to emit more 
strongly and to require almost no CS, inflow. 
This is perhaps explained by an accumulation of 


‘ Martin's plates, which were used by both Jevons and 
Martin, show strong sulfur bands extending to wave- 
lengths as short as 42820, thus concealing much valuable 
information. Grating plates, concerned only with intense 
bands and hence shorter wave-lengths, were unaffected by 
sulfur bands and therefore taken with continuous opera- 
tion, 
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polymerized CS® molecules capable of vaporizing 
and maintaining the discharge. 


Photographing the spectrum 


A large number of spectrograms were made 
with various pressures, voltages, and types of 
plates. Four quartz spectrographs and _ three 
gratings were used. The majority of the data 
used in the vibrational analyses were obtained 
from spectrograms made with a Hilger E 315 
quartz spectrograph giving a dispersion ranging 
from 7A per mm at A2400 to 18A per mm at 
3200. The rotational analyses were based on 
photographs taken in the second and _ third 
orders of the 21-ft. grating of this laboratory 
and the 34-ft. grating of the Massachusetts 
Institute of Technology, which, in the third 
orders, give dispersions of 0.66 and 0.28A per 
mm, respectively. Eight to twenty-four hour 
exposures were normally required, though the 
most important bands were photographed with 
an anastigmatic system which greatly reduced 
this time. Thus by placing a cylindrical lens just 
in front of the plate, in a manner described by 
Oldenberg,® the intensity was increased to such 
an extent that exposure times of from 10 to 30 
minutes sufficed for third order plates, even 
when an unusually narrow slit was used. 


Measurements 


An iron comparison spectrum obtained from 
an International Astronomical Union Arc’? was 
employed throughout.’ The wave-length separa- 
tions of the sharper lines of a single band should 
be accurate to within 0.005A, or 0.08 cm~. The 
work involved in making rotational analyses 
was much lightened by employing enlargements; 
and so fine is the structure of these bands (the 
R branch of the (0,1) band has an apparent 
extent of only 1A) that a dispersion of 1A per 
50 mm in the enlargements was found to be none 
too much. Records made on a_ photographic 
densitometer were used in estimating the in- 
tensities of the bands, and of the lines within 
single bands. 


®> Cf. Dewar and Jones, Proc. Roy. Soc. A83, 527 (1910); 
A85, 574 (1911). 

® Oldenberg, J. O. S. A. 22, 441 (1932). 

* Trans. Internat. Astron. Union 3, 84 (1928). 

* Wave-lengths were taken from Jackson's tables, Proc. 
Roy. Soc. A130, 404 (1931). 


GENERAL DESCRIPTION OF THE SPECTRUM 


The spectrum of CS consists of at least two 
systems composed of bands which are degraded 
to the red and lie between 3300 and \2400. 
The main or first system, which arises from a 
‘I'S transition, contains 65 bands. A second 
weaker system, representing a '—>'> transition 
not involving the 'Y state of the main system, 
includes 4 bands sufficiently intense and unob- 
scured by overlapping of the main system for 
photography at high dispersion. 


THE MAIN System: 


Vibrational Analysis 

The partial elimination of sulfur bands has 
revealed a large number of hitherto unobserved 
CS bands of longer wave-length, and use of 
contrast plates and long exposures has brought 
out a few new heads on the short wave-length 
end of the spectrum. Thus the number of bands 
which have now been arranged in a two-dimen- 
sional array of the usual kind has been more 
than doubled. Most of the data for heads and 
origins were obtained from two plates made on 
different quartz spectrographs and with different 
sources. More precise values for the wave num- 
bers of origins and heads of about twenty of the 
strongest bands were obtained from grating 
plates. Thus the accuracy of the wave numbers 
of the origins varies from about 0.1 cm to 
4 cm~'. In every case, the position of the origin 
was considered to be identical with that of the 
first Q line, or “Q head.” (The calculated dis- 
tances, for the (0,1) band, of the Q(1) and Q(2) 
lines from the true origin are 0.10 cm~', and 
0.31 cm~', respectively.) 

The bands of this system are all degraded to 
the red. They have, with a few exceptions, single 
P, Q, R branches, and form sequences which 
overlap considerably. The arrangement of the 
new bands in the vibrational array follows 
essentially the scheme of Jevons. As noted by 
him, the analysis is complicated by three anom- 
alies: (a) certain bands appear to have two R 
heads; (b) the origins and heads of certain bands 
are displaced considerably from the expected 
positions (this was formerly attributed to vi- 
brational perturbations); (c) in some bands no 
origins or heads are apparent. 
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TABLE I. Bands of the main system (‘II—'). 


Head Int. Pyac.cm ! 0" Head Int. Head Int. vyac.cm~! 
8,4 R 0 41639.13 44 R 1 37881.2 10.0 7,9 Q 34753.2 

4,1 R 0 41618.4 4,4 QO 37871.2 23 R’ 2 34676.5 27.6 
5,2 R 0 41336.2 10.2 O,1 Rk’ 20 37543.95 18.86 2,5 R 34666.0 17.1 
5,2 QO 41326.0 0,1 R 37538.74 13.65 2,5 QO 34648.9 

9.5 R 0 41305.4 4.8 0,1 QO 37525.09 8,10 R 2 34512.4 12.4 
9.5 QO 41300.6 1,2 R’ 15 37339.n 38. 8,10 QO 34500.0 

6,3 R 1 41038.5 6.3 1,2 R 37309.53 8.2 3,6 R 2 34477.2 19.0 
6.3 41032.2 1,2 37301.34 3.6 34458.2 
10,6 R? 0 40973.2 2,3 R 11 37117.94 14.00 4,7 R 3 34260.8 13.2 
2,0 R 1 40892.3 9.3 2A QO 37103.94 4,7 QO 34247.6 

2,0 y 40883.0 34 R 8 36902.42 14.80 5,8 R 2 34058.2 17.2 
7,4 1 40732.2 5.8 3,4 36887 .62 5,8 34041.0 

7.4 QO 40726.4 4,5 R 6 36662.68 9.94 6,9 R 2 33834.7 12.1 
31 R 3 40637.3 12.3 | 4,5 oO 36652.74 6.9 Oo 33822.6 

3,1 QO 40625.0n 5,6 R 4 36433.09 13.5 7,10 R 1 33609.4 12.4 
8,5 R 3 40417.5 5,6 QO 36419.62 7,10 QO 33597.0 

4,2 R q 40361.05 7.66 0,2 ad 8 36287.65 21.75 8,11 R 3 33370.6 13.7 
4,2 QO 40353.39 0,2 R 36280.65 14.75 8,11 Q 33356.9 

06 R 1 40096.3 0.2 0 36265.90 3.7 0? 0 33262.4 

5,3 R 5 40091.41 8.41 6,7 R 2 36181.6 10.5 9,12 R 1 33127.0 9.3 
5.3 40083.0 6.7 36171.1 9112 33117.7 

1,0 R* 7 39837.0 1,3 R’ 7 36102. 46. 4.8 R 0 33077.8 12.0 
a R 1 39620.97 11.77 1,3 R 36063.45 7.8 4,8 QO 33065.8 

21 O 39609.20 13 oO* 36055.68 5.9 R 0 32890.9 18.5 
7,5 4 39511.5 re 7.8 R 0 35927.7 10.6 5,9 QO 32872.4 

7,5 0 39504.0 7.8 ) 35917.1 6,10 R 0 32679.0 14.8 
3,2 R 10 39378.94 11.80 2.4 R’ 6 35893.6 23.2 6,10 QO 32664.2 

3,2 $9367.15 24 R 35885.97 15.60 7,11 R 0 32465.9 14.3 
4,3 R 9 $9115.20 8.04 2,4 QO 35870.38 7,11 32451.6 

4,3 QO 39107.16 3,5 R 5 35684.22 17.5 8,12 R 2 32240.3 16.5 
9,7 2 38904.5 8.7 3,5 QO 35666.74 8,12 OQ 32223.8 

9,7 QO 38895.8 4,6 R 5 35454.6 14.6 9,13 R 0 32006.6 15.8 
5,4 R 7 38858.93 9.50 4.6 QO 35440.0 9,13 QO 31990.8 

5,4 QO 38849.43 5,7 R 4 35240.3 13.3 10,14 R 0 31766.6 6.5 
0,0 R’ 20 388 14.22 17.21 5,7 QO 35227.0 10,14 QO 31760.1 

0,0 R 38809.74 12.73 0,3 R’ 3 35044.8 25.8 11,15 R 0 31517.4 8.5 
0,0 QO 38797.01 0,3 R 35035.1 16.1 11,15 QO 31508.9 

1,1 R 20 38568.20 7.7 0,3 QO 35019.0 &,13 R 0 31123.6 17.4 

1,1 O* 38560.51 6,8 R 3 35002.4 11.4 8,13 QO 31106.2 

2,2 12 38363.07 13.00 6.8 QO 34991.0 9.14 R 0 ~ 30902.8 15.6 
2.2 38350.07 1,4 1 34875. 56. 9,14 30887.2 

3,3 R 5 38134.00 13.06 1,4 R 34827.8 8.4 11,16 R 0 30441.0 7.9 
3.3 38120.94 1.4 O* 348194 11,16 30433.1 

8,7 R 1 38017.3 7,9 R 1 34763.6 10.4 


n=nebulous; ?=identification uncertain. For convenience, the wave-lengths of the 6 strongest bands are appended to 
Table IV. 

* Jevons (cf. reference 3) mistook the K’ and X heads in the v’=1 progression for the R and Q heads, respectively, 
thereby obtaining too small values for the origin displacements. 


In Table I are included wave numbers of all Vibrational quantum numbers and head-origin 


measured band origins and R heads of this main 
I'S system. When two apparent R heads 
occur, both are tabulated, the inner and outer 
being designated as R and R’, respectively. 


intervals are listed, as well as intensities esti- 
mated from densitometer records. The general 
appearance of the spectrum under low dispersion 
may be seen from Fig. 1. 


AV= -4 -3 -2 +) +2+5 
V'=8 
b 

32 31 30 29 28 27 26 25 4“ 


Fic. 1. (1a) contains many sulfur bands obscuring a large number of CS bands. (1b) is virtually free 
of all impurities. The scale is slightly greater in the lower enlargement. 
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TABLE II. Main System. Vibrational energy differences. 


TABLE III. Vibrational constants of the main system. 


V AG'(v' +3) (v"’ +3) A'lll xz 
0 1035.43 1272.10cm™ 1072.3 1285.1 cm™ 
1 1048.73 1259.16 Xe 0.00961 0.00506 
2 1017.12 1246.17 D 27,373. cm™ 62,841. cm™ 
3 986.00 1233.44 3.377 volts 7.752 volts 
4 976.6 1220.9 38,912.15 cm™ 
5 949.5 1208.3 ™ 4.800 volts. 
6 929.0 1195.0 = 
7 904. 1182.0 
TABLE IV. Intensities of the main system bands. 
10 839. 1144.0 Wave-lengths of the origins of the most intense bands 
11 1131. are: (2,1) 2523.91; (0,0) 2576.75; (1,1) 2592.55; 
(2,2) 2606.78; (0,1) 42664.093; (2,3) 2694.33. 
14 1090. 
15 1076. OlL234567 89 Wi 213415 6 
0\202083 
The accuracy, which varies considerably, is indicated by 1172045 7 | 
the number of decimal places included. 2i11 2M 62 
3} 3 10 58.5 20 
Weighted averages of the first vibrational- 5 0 57 44.20 
energy differences, AG(v+}4), are contained in 6 1** 2 3.2 0 
Table II. Here it is important to note that for 4 4 ; 51 oO! i. 0 
the lower (x'Z) state these first differences are 9 0/2 No 0 
perfectly regular, within the limits of experi- 10 0 Oo. or 
mental error. In the case of the first differences ul N +0 


for the ('I1) state, however, marked irregularities 
occur at low v’ values. The extent, amounts, and 
cause of these will be discussed in connection 
with the rotational structure. The following 
formula represents the smoothed frequencies of 
the band origins: 


vo(v’, = 38,912.15 +[1072.3(v’ +4) 
—10.3(0" + 
(1) 


Since the second differences A?G(v) are virtually 
constant over the range of the data obtained, 
it was felt that the addition of terms in higher 
powers of v’ and v”’ would be without significance. 
From the above equation, which is not applicable 
to bands of perturbed progressions, we derive 
the constants included in Table III. 

The intensities, shown in Table IV, vary 
essentially in the manner to be expected from 
the Franck-Condon theory, except for the un- 
usually high intensity of the v’=8 progression. 
The lower limb of the narrow parabola describing 
the intensity maxima is attenuated, since the 
weak bands composing this limb are obscured 
by strong overlapping bands of other sequences. 


* Hidden by more intense bands. 


The dissociation energy values, calculated by 
linear extrapolation, must be regarded essentially 
as upper limits for the actual dissociation 
energies. Since v,+D’ exceeds D” by only about 
5 percent, this suggests strongly that the dis- 
sociation products for the two states are really 
the same. 


Anomalies 


All bands whose origins are given closely by 
Eq. (1) and whose branches appear virtually 
regular invariably possess single P, Q and R 
branches,’ and their head-origin intervals, (v, 
—vo), vary in the normal way with v’ and v”. 

On examination of all bands observed at high 
dispersion, however, it is found that practically 
every band exhibits some anomalies, such as: 
double R-branch heads, displaced origins, dis- 
tinct fringes beyond otherwise normal heads, 
abnormal (v;— v9) values, and irregular branches. 

In endeavoring to explain the existence of so 
many irregular features in a presumed 'II-'S 
system, several possibilities were considered. 


® For example: the progressions v’ = 3,5. 
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Thus the appearance might be affected by the 
superposition of another system of CS or some 
other molecule (perhaps'® CSe), or the assign- 
ment of the bands to a 'II>'Z system might be 
incorrect. In a given band the presence of a 
fringe near the R head might result from AJ= +2 
transitions or accidental groups of impurity 
lines." No one of these hypotheses proved to be 
capable of accounting in an unforced manner 
for more than a few of these anomalies. However, 
the postulate of a perturbing state having closely 
the same energy and w as the 'II state and 
interacting strongly with it has been found 
capable of explaining all the observed facts. 
Since the moment of inertia of CS is so large 
and hence the rotational levels so closely spaced, 
a strong perturbation would be expected to 
affect a range of J-values larger than that 
observed in lighter molecules, with the produc- 
tion of branches of hitherto unobserved form. 
The precise appearance of a given band will 
depend upon a number of factors whose variation 
can explain in a natural manner the wide variety 
of anomalies mentioned above and now to be 
discussed in some detail. 


(1) Double-headed bands 


(a) Observations. The R and R’ heads exhibited 
by a number of the CS bands are most striking 
in the case of the (0,1) and (0,2) bands. These 
are of high intensity and are practically free 
from the superposition of other bands. Although 
their P and Q branches appear essentially single, 
neither the (vg-— vo) nor the (vr—vo) interval is 
consistent with the regular bands. Under highest 
dispersion, these R and R’ heads present curious 
features. (Fig. 2.) The inner, or R head ceases to 
resemble a normal head, and seems rather to be 
merely a series of lines coming to an abrupt 
convergence. The intensity is great near this 
convergence point, and if the branch continues 
back upon itself from here, it does so with 


© This possibility is ruled out because the gross structure 
of the system requires for each of the electronic states 
involved a single vibrational frequency whose value is 
quite different from those reported by Dennison and 
Wright (Phys. Rev. 38, 2077 (1931)), for CS». 

"It seems exceedingly unlikely that such transitions 
should produce branches of the strength and form observed, 
and independent of the various discharge conditions used. 
Since nearly half of the bands show these fringes, they can 
hardly be attributed to impurities. 


greatly diminished intensity. The outer, or R’ 
head presents an even more anomalous aspect. 
It consists of an unresolved block fringed on the 
short-wave-length side with lines of irregular 
intensity and position, and on the long wave- 
length side with a regular series of faint lines. 
The structure of the R’ heads in the (0,1) and 
(0,2) bands is somewhat different, showing that 
the appearance of the ‘“‘double-head”’ varies 
with v’’, although its existence depends on a 
perturbation in the upper state only. 

(b) Interpretation. That this anomaly is to be 
ascribed to a widespread rotational perturbation 
of the upper state alone is conclusively demon- 
strated by examining the bands of the striking 
v’=2 progression, which shows the whole range 
of phenomena under discussion. Of these bands, 
those for which v’’=0 and 1 appear regular; 
each possesses a single R head which is separated 
by the expected amount from the origin. The 
bands for which v’’=2 and 3 also appear es- 
sentially regular, but formless fringes of lines 
just beyond the R head are always present. In 
the band v’’=4, however, this fringe has drawn 
together into a sort of blurred head; and, finally, 
in the v’’=5 band we have a sharp line-like R’ 
head quite like that of Fig. 2. 

If we consider the 'II state to be perturbed by 
another electronic level, a typical diagram of 
such a perturbation is shown in Fig. 3. Here 
there is a depression of the levels for J slightly 
less than J,,—the J-value at which the unper- 
turbed energy curves would cross; and the levels 
for J slightly greater than J, are raised.” 

Now the appearance of a given band origi- 
nating in the perturbed 'II state will depend not 
only upon J, but also upon the J-value at which 
the head would normally be formed,—say Jy, as 
may be seen from the corresponding Fortrat 
diagrams. Here, as is shown in Fig. 4, each 
branch is composed of two fragments some- 
what concealed by overlapping in the Q and P 
branches, but very obvious in the R branch. 
The R branch fragment for the low J’s will 
converge to an apparent head, the high-J frag- 
ment tending to form a head-like structure of 
greater or less sharpness, according to the exact 


” For a general theoretical discussion of rotational per- 
turbations see Kronig, Zeits. f. Physik 50, 347 (1928) and 
Ittmann, Zeits. f. Physik 71, 616 (1931). 
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Fic. 2. The (0,1) band of the main system of CS, under high dispersion, showing the anomalous 
appearance of the R and R’ heads discussed in the text. 


relationship between J, and J,. This R’ head 
will be sharpest for J, slightly less than J,. 

For any one v” progression, we are dealing 
with the same v’, and hence the same J,. But as 
we pass along such a progression, B”, and there- 
fore (B’’— B’), will decrease proportionally more 
rapidly than (B’’+B’). But these quantities de- 
termine J; and (v,— vo). Thus™ 


Jn= —1—[(B'+B")/2(B'— B")); 
v,—vo= 


and therefore we expect both J; and (v;,— vo) to 
increase with v’’. In the case of perturbed bands 
in which J,<J);, this means that we should 
expect the three intervals (ve—vo), v0), 
(vr'— vp) likewise to increase with v’’. The outer 
or R’ head should at the same time become 
continually sharper and approach the position 
of the “unperturbed’”’ head. This progressive 
variation is illustrated in Fig. 4. 


TABLE V. Anomalous heads of the main system progression 


=2. 


Band vreem! vrrem! vRe—vo 


0 40883.0 40892.3 none 9.3 

1 39609.20 39620.97 none 11.77 
2 38350.07 38363.07 faint 13.00 
37103.94 37117.94 broad 14.00 
4 


35870.38 35885.97 35893.6 15.60 
34648.9 34666.0 34676.5 17.1 


aw 


In Table V, which gives the data on these 
intervals for the v’=2 progression, it is to be 
noted that as v” increases and the R’ head 
grows from a formiess fringe to a very sharp 
head, the various intervals increase regularly. 


'S See, for example, Jevons’ Report on Band-Spectra of 
Diatomic Molecules, p. 44. 


Double-headed bands of other progressions like- 
wise behave in this characteristic fashion. In 
the P and Q branches, overlapping of the frag- 
ments is predicted, which is in complete accord 
with the observations. 


(2) Origin perturbations 

The Q heads of the bands of the progressions 
v’=1 and v’=4 are displaced towards the red 
from their expected positions by about 18 cm™! 
and 6 cm“, respectively. Jevons, who first noted 
this anomaly, originally attributed it to a ‘“‘vi- 
brational” perturbation (a phenomenon no longer 
recognized) of the v’ levels concerned. These 
bands we now regard as a special case of extra- 
headed bands in which the rotational perturba- 
tion reaches a maximum at a very low value of 
J. If J,=6, for example, besides a large displace- 


F(y) 


I= 


Fic. 3. An upper state perturbation (schematic). For 
simplicity, we have suppressed the distinction between c 
and d levels, and included but one of the several perturbing 
sub-states (dotted). 
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Ji@ 
R 
Thm, 
(2,2) (2,3) 2,4) 


Fic. 4. Schematic Fortrat and intensity diagram for 
three bands of the striking progression v'=2 (J,<=17), 
showing the dependence of the exact form of the band 
structure on v’’. P branches are suppressed for simplicity, 
and “unperturbed” branches are drawn in lightly in the 
upper diagram. In the lower diagram, for the sake of 
clarity, only a fraction of the lines actually observed are 
indicated. Note that as v’’ increases from 2 to 4 both J, 
and the head-origin intervals increase, and the outlying 
fringe draws together to form a sharp ‘‘head.” 


ment of the lines for which J is very close to 6, 
there will be a smaller but appreciable displace- 
ment of the very first lines. Thus the Q head as 
a whole, and hence the apparent origin, is shifted. 
In the (1, 2) band, for example, the R branch 
forms a very abrupt R head at about the 6th 
line, and a break in the Q branch occurs for 
about the same J. A faint and blurred R’ head 
is found about 30 cm~ beyond the R head, and 
there is evidence of a second Q fragment over- 
lapping the first. The P branch is untraceable. 


TABLE VI. Band heads of the v' =1 progression, their intervals 
and displacements* from normal positions. 


vo VR VR? 
Band VR'—V¥o —VYonorm. norm. 


7.7 cm —18.cm —25.cm 

1,2 38.cm —18.cm —27.cm +3.cm 
1,3 7.8cm 46.cm —18.cm —29.cm +9.cm 
1,4 84cm 56.cm —18.cm —31.cm +4.cm 


* (—) displacements are towards smaller wave numbers. 


Thus the situation would be described com- 
pletely by Figs. 3 and 4 if we there decreased J, 
appropriately. It should be noted that the inner 
or R head will be displaced more than the origin, 
and if the outer R branch forms a head,—the 
R’ head, it should be at or beyond the position 
of the normal head. For the three bands of the 
progression v’=1 where a measurable R’ head 
is found, all the above requirements are satis- 


fied. (See Table VI.) 


(3) Other anomalous features 


Rotational perturbations will immediately ac- 
count for other irregular features, such as: bands 
with no apparent Q or R heads, suddenly termi- 
nated branches, and overlapping branch frag- 
ments. Furthermore, in a few cases confusion 
does result from the superposition of bands of 
other CS systems, and above \3300 the CS 
spectrum is concealed almost completely by the 
ever-present main system of Se. 


Rotational Analysis 
(1) Difficulties 


It is unfortunate from the standpoint of 
obtaining accurate rotational constants that the 
strongest bands contain the most pronounced 
perturbations, and that no one of the 25 bands 
photographed under high dispersion is perfectly 
normal. Even in the most regular bands, such as 
those for which v’=5, a complete rotational 
analysis is out of the question; for: (a) the first 
two or three Q lines are scarcely resolved, at 
best; (b) the R lines are nearly symmetrical in 
intensity about J;, and always only partially 
resolved'*; (c) many lines of the P branch (the 
weakest branch in the band) are obscured by the 
intense and closely spaced Q lines; (d) the pres- 
ence of so many perturbations lessens the value 
of the usual intensity and “‘second difference” 
relationships of such great use in line-assignments 
in regular bands. Thus, for example, the A- 
doubling in the upper 'II state renders the rela- 
tionship: R(J) —Q(J) =Q(J+1) — P(J+1) useful 
only for unperturbed lines of low J, and it 
permits the perturbations in the Q branch and 
in the R, P branches to occur at quite different 
values of J’. 


(2) Actual procedure 

(a) Fairly complete analyses. Analyses of the 
(0,1) and (0,2) bands were carried through far 
enough to permit the evaluation of the most 
essential constants and to verify rather conclu- 
sively our explanation of the extra R_ heads. 
In each of these bands, definite values of J” 
were assigned to the first 13 lines in the three 
branches. It was found that for J=9, the approx- 


"In the (5,6) band, J;218, which means that about 
36K lines are included in the head- -origin interval of 0.9A, 
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imate relation R(J)—Q(J) =Q(J+1)—P(J+1) 
held, but that for larger J, rapidly mounting 
“defects” appeared. In attempting to avoid this 
situation, all other likely systems of line inter- 
pretations and numberings were considered, but 
with no success. The correctness of the original 
scheme is shown by several considerations: it 
satisfies the combination principle, and requires 
regular and almost constant second differences, 
A’ F(J), for both states. [These second differences 
are not to be confused with the ordinary double 
differences, A:F(J).] But the most satisfying 
result is the close agreement of the two sets of 
data for the upper level common to the two 
bands. 

Table VII includes the vacuum wave numbers 
for those lines of the above two bands which 
have been arranged into branch fragments. 
Table VIIb is a continuation of VIIa but with 
an altered assignment of the branch fragments. 
In neither case is there any appreciable ‘‘quan- 
tum defect” found for lines for which J=9, and 
for these lines the resulting rotational energy 
terms may be described with the accuracy 
permitted by the data by simple expressions of 
the form: F(J)=B(J?+J), where B’(0), B’’(1), 
and B’’(2) have the values 0.7595 cm, 0.8115 
and 0.8060 cm~, respectively. 

The P and R lines’ spacings remain regular 
in both bands up to J=14, at which point 
displacements to the red set in. In the Q branches, 
however, similar displacements first appear at 
the lower J value: J 211. This means, of course, 
that the 'II state c levels are affected by the 
_ perturbing state for J about 3 units less than is 
the case for the d levels. It is to be regretted 
that insufficient resolution prevents detailed 
following of the several branches and _ their 
associated displacements, since this would fix 
‘more closely the extent of the overlapping of the 
segments of any one branch,—with respect to 
both energy and J. 

Attempts were made to continue the analyses 
of the (0,1) and (0,2) bands for the high-J 
parts of the branches (to be designated as the 
P’, Q’, R’ fragments) which appeared on the 
spectrograms to be unperturbed. Although the 
Q’ and P’ fragments were easily identified and 
measured, the R’ fragment consisted essentially 
of the broad but unresolved R’ head fringed on 
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TABLE VII. The main system bands (0,1), (0,2). 
(0,1) \2664.093 (0,2) \2756.615 
QV)em™ RVJ)em™| J |PV)em™ RV) 
37526.52r 0 36267.50 
37524.93r 27.97 1 68. 
37521.70r 24.74r 29.37 2 | 36262.54r 36265.74r 70.33 
9.89 24.53r 30.69 3 60.91r 65.50r 7171 
18.058 24.20 31.90 4 58.96 65.28 72.97 
16.008 23.71 33.04 5 57.12r 64.88 74.14 
14.128 23.25 34.08 6 55.21 64.46 75.31 
11.96 22.69 35.07 7 53.12 63.94 76.35 
09.77 22.058 35.94 8 51.09 63.41 77.34 
07.50 21.30 36.74 ot) 48.92 62.76r 78.20 
05.16 20.42 37.46r | 10 46.66 61.99 79.02 
02.738 19.40 38.00 | 11 44.338 61.09 79.62r 
00.17 18.20r 38.44r | 12 41.93 60.02 80.19r 
37497.51 16.44 38.60r | 13 39.43r 58.49 80.56r 
94.65r 14 36.77 80.65r 


RVJ)em™| J 


37494.65r 16 
91.63 17 33.87 
88.12r 18 30.56 
84.60 19 27.52r 
SO.S4 37513.38 20 24.12 7.00 
77.40 10.97 21 20.96 54.66 
74.02 08.55 22 17.84 52.42 
70.72 06.55 23 14.73 50.68 
67.38 04.68 24 11.73 49.09 
64.01 02.78 08.67 47.52 
60.61 00.90 26 05.57 45.98 
57.16 37498.98 27 02.4 44.348 
53.66 96.91 28 | 36199.23 42.60 
50.03 94.94 29 96. 40.93 
46.36 92.80 center of | 30 92.74 39.21 
42.68 90.65 unresolved] 31 89.42 37.30 center of 
38.95 88.25 head” at | 32 86.05 35.46 unresolved 
35.04 86.03 37544.00 | 33 82.61 33.64 “head” at 
31.14 83.70 34 78.97 31.59 36287.29 
27.15 81.18 35 75.56 29.52 
23.03 78.58 36 71.88 27.44r 
18.83 75.95 37 25.16 
14.47 73.12 38 22.77 
09.98 39 20.44 
05.34 40 17.8ir 
00.37 41 
37394.91 42 
87.98 43 


_ r=resolution incomplete; s=superposition of another 
line. The J assignments for the P’, Q’, and R’ lines form 
a consistent but not unique set. 


either side by lines which could not be arranged 
in any convincing series.'® We proceeded, there- 
fore, by assumigg that all R’ lines were located 
at the center of this R’ head, and by seeking 
that pair of numbering systems of the Q’ and 
P’ fragments for which the approximate relation 
R(J)—Q(J) 2O(J +1) — P(J+1) gave the small- 
est and most well-behaved “quantum defect.” 
The differences between successive energy terms 
could now be derived and compared with those 
obtained by extrapolation from the correspond- 
ing, known, low-J term differences, with the 
result that fairly accurate, absolute J-values 


% About ten lines of varying intensities and separations 
could be distinguished on each side of the R’ head proper. 
It is significant that the longer-wave-length fringe, which 
is presumed to be composed of lines for which J consider- 
erably exceeds J,, possesses a much more nearly regular 
appearance than does the shorter-wave-length fringe, com- 
posed presumably of the most violently perturbed lines. 
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could be assigned the Q’ and P’ lines. This 
procedure gave quite consistent results in the 
two bands, and close agreement was found 
between their required upper state differences 
— Fa'(J)). 

In view of the considerable uncertainty intro- 
duced by the assumption that all the R’ lines 
have the identical position on the spectrogram, 
these results cannot be expected to be unique. 
They do, however, afford strong evidence for 
the extra R heads’ being related to the Q’ and 
P’ fragments in the manner required by our 
explanation, and also make possible a more 
significant estimate of the number of J-values 
for which two lines appear in each branch. In 
the most overexposed (0,1) spectrograms, this 
overlapping extends over perhaps 5 or 10 J- 
values, while the maximum separation of two 
lines of identical J is between 15 and 30 cm". 
As mentioned below, these wave-number sepa- 
rations, although large, are entirely consistent 
with those found in the perturbed (0,0) band 
of the CO Angstrom system." 

An additional perturbation is found in the P’ 
branch of the (0,1) band. As we pass up this 
branch from P’(39), we find the lines displaced 
towards the red by rapidly increasing amounts, 
while the line P’(43), at which the observed 
shift is greatest, is displaced about 6 cm! from 
its normal position. In the more intense (0,0) 
band, there are found similar displacements not 
only of the corresponding P’ lines, but also of 
the Q’ lines. 

(b) Partial analyses. In many bands the Q or 
R branches,—rarely both, could be followed 
readily for fairly low J. Since in every case both 
the absolute and relative numberings of the Q 
and R lines were unknown, we were able to find 
for these bands only fairly accurate values of 
(B’—B”) and rather inaccurate values of (B’ 
+B”). The results imply that B’(v’) (unperturbed) 
and B’’(v’’) vary according to the relations: 


B’(v’) = B’(0) —a’v’ = 0.7860 — 0.010(2’), 
B" (v"’) = B” (0) — = 0.8165 — 0.005 (v’’). 


Close similarity of the a’s is also required by the 
essential constancy of the head-origin interval 


16 Cf, Rosenthal and Jenkins, Proc. Nat. Acad. Sci. 15, 


896 (1929). Birge, Phys. Rev. 28, 1157 (1926). 


within any one sequence. These equations show 
that 


B.{=0.7910 cm™, 
r.’=1.56A, 


It cannot be emphasized too strongly that on 
account of the presence in all bands of violent 
rotational perturbations, the line series, and 
hence the initial state energy levels responsible, 
do not conform to the theory applicable to normal 
bands. Thus there do not exist for the initial 
state strictly defined quantities B, D, a, etc., 
and precise values for them, if presented, would 
be of little physical significance. 

Descriptions of the strongest bands, as well 
as estimated J-values at which the perturbations 
are central, are listed in terms of the upper 
vibrational state in Table VIII. 


B.’=0.8190 
r.’=1.53A. 


TABLE VIII. Main system anomalies. 


Origin Number of 
v’ J» displacement * R heads 
0 15 2 
1 6 —18cm 2 
2 17 1 (v’’2) 

2 

3 27 1 
4 9 — 6cm 2 (predicted) 
5 28 1 


*(—) displacements are towards smaller wave numbers. 


The Electronic Transition 


Since the most regular bands possess single 
P, Q and R branches, it is evident that the 
transition involves a "II and a !2 state. The 
vibrational analysis shows that it is the upper 
state which is perturbed, and the rotational 
analysis proves this upper state to be ‘II. For 
the presence there of both ¢ and d levels is 
required in order to account for definitely 
different perturbations in the Q branch and the 
R, P branches for the same J’. This conclusion 
is in agreement with R and P branch intensity 
considerations, the almost certain presence of 
the R(0) lines, the sign of the A-doubling, and 
the similar upper level classifications of the 
corresponding systems in the homologous mole- 
cules CO (4th positive,—cf. reference 16), PN,” 
and SiO." 


17 Ghosh and Datta, Zeits. f. Physik 87, 500 (1934), 
18 Saper, Phys. Rev. 42, 498 (1932). 


| 
| 

| 


SPECTRUM OF 


It is instructive to compare this main system 
of CS with the 4th positive system of CO: thus 
these two systems occur under similar excitation 
conditions, and the bands are alike in structure 
and intensity distribution. CO possesses larger 
constants v,, w,, B,, and D,”, as is in accordance 
with its smaller reduced mass; and the two CO 
states concerned have, presumably, the same 
dissociation products, as is probably the case for 
CS also. There is, furthermore, in this 'II state 
of CO a perturbation believed due to an inter- 
acting *II state, and in our main system of CS 
we must assume the existence of a multiplet 
perturbing state, presumably *II also.'® 

Since high vibrational levels of this interacting 
state may well be concerned in the perturbations, 
the strongest bands of a presumably weak 
intercombination system, *II—>x'Z, would lie in 
longer wave-length regions obscured on our 
plates by sulfur bands and, therefore, be unob- 
servable. 


THE SECOND SysTEM OF CS (C'Z—B'z) 
Vibrational Analysis 

Four of the strongest bands not included in 
the main system vibrational array and consti- 
tuting one progression of what we shall call the 
second system of CS have been photographed 
under high and low dispersion. The bands have 
single P and R branches, and, therefore, arise 
from a 'Z->'D transition. They are degraded to 
the red, and possess faint R heads for which 

Rotational analyses show these bands to have 
one level in common,—probably the initial level. 
The wave-lengths of the heads, and the assumed 
vibrational quantum numbers concerned, are as 
follows: The (0,0), (0,1), (0,2), and (0,3) R 
heads lie at \\2505.19, 2587.327, 2674.465, and 
2766.98, with relative estimated intensities of 2, 
10, 5, and 1, respectively. This gives v0(0,0) 
=39,905.1 cm~'. Since none of the other bands 
unrelated to the main system could be arranged 


1” Here we postulate violation of Kronig's restriction 
forbidding intermultiplicity perturbations, as did Rosen- 
thal and Jenkins (reference 16) in the case of the analogous 
CO perturbations. This could be avoided by assuming that 
the two perturbations in a single branch are related to 
different vibrational levels of the interacting state, were it 
not for the fact that the w's of the states involved are 
almost identical. 
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in a second progression consistent with the first, 
vibrational data for the initial state are lacking.®° 
For the final state, we find: w,’’=1271 cm™, 
24 cm. 


Rotational Analysis 

It was at first thought that the lower state of 
this system was the same as that of the main 
system, since the two values of w’’ concerned are 
almost identical. High dispersion photographs 
showed, however, that the line-spacings in the 
neighborhood of the origins of these new bands 
were so small that states of considerably lower 
B-values must be involved. Although we have 
been unable to resolve the first few R lines and 
find the origin of any of the bands, we have 
succeeded in obtaining for both branches of the 
two bands (0,1) and (0,2)"" numbering systems 
which are correct relatively, though perhaps in 
error absolutely by one or two units. The assign- 
ments adopted are well-suited not only to the 
individual bands, where practically all of the 
irregularities are ascribed to the upper state, but 
also to the relationships which must exist 
between the two bands. For, over the available 


TABLE IX. The second system bands (0,1), (0,2). 
(0,1) 42587.327 (0,2) \2674.464 


P(J)em= RWJ)em= J | AoF’(J) 

38631.18 2 | 37372.31s8 
29.46  38638.38 8.92 3 70.57 
27.36 38.13 10.77 4 68.69 37379.57r 10.88 
24.95 37.32 12.37 5 66.38 78.8ir 12.43 
22.31 36.52 14.21 6 63.79 77.94 14.15 
19.33 35.30 15.97 7 60.958 76.95 16.00 
16.06 33.87 17.81 8 57.89 75.66 17.77 
12.538 32.28 19.75 9 54.51 74.10 19.59 
08.94 30.36 21.42 10 50.958 72.318 21.36 
05.02 28.19 23.17 ll 47.19 70.33 23.14 
00.94 25.88 24.94 12 43.29 68.21 24.92 

38596.80 23.34 26.54 13 39.32 65.87 26.55 
92.60 20.68 28.08 14 35.27 63.44 28.17 
88.40 17.92 29.52 15 31.33 60.958 29.62 
84.22 15.23 31.01 16 27.41 58.33 30.92 
80.21 _ 12.538 32.32 17 23.58 55.81 32.23 
76.19 09.85 33.66 18 19.90 53.39 33.49 
72.38 07.19 34.81 19 16.30 50.958 34.65 
68.658 04.69 36.04 20 12.82 48.77 35.95 
65.05 02.13 37.08 21 09.448 46.54 37.10 
61.41  38599.97 38.56 22 06.228 
57.59 23 02.718 


r=resolution incomplete; s=superpositien of another 
line. 


2 The main system would in any case obscure all but 
the strongest and most favorably situated of these second 
system bands. 

*\ It is perhaps confusing that the (0,1) and (0,2) bands: 
of both systems are considered in detail. “ 
22 We assume here that the common level is the upper 
one, as seems most probable from a comparison of the 
“‘non-common level’ double-differences required by the 

alternate hypotheses. 
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J-value range (3 to 23) data of these bands 
require (well within the limits of experimental 
accuracy) identical upper state double differ- 
ences. These A:F’(J) values, as well as the wave 
numbers of the lines themselves, are included in 
Table IX, and indicate a perturbation near 
J’'=17. Rough extrapolations give: B’(0)=0.43 
B’(1)=0.60 B’’(2)=0.58 with 
an error of perhaps 0.03 cm~ in each case. 


Comparisons 


Although the two systems of CS _ possess 
almost identical w’’ values, the two B” values 
concerned differ by about 25 percent. It is 
likewise noteworthy that 'Z—' transitions have 
not been found in PN or SiO, and that the 
extensive spectrum of CO contains no systems 


of this type not involving the ground state. 


OTHER BANDS 


Besides the bands of the two systems already 
considered, there are a number of weaker bands 
(some with, some without Q heads) whose 
intensities appear independent of the amount of 
impurities present in the source, and which are 
probably members of additional CS systems. 
The strongest of these have heads at \\2721.5, 
2735.0, 2813.9, 2912.1 and 3623.6 (quite intense). 


GENERAL CONSIDERATIONS 


The strength of the main system bands, their 
apparent freedom from perturbations of the 
lower ' state, and their close analogy with the 
bands of the CO 4th positive system, suggest 
that the lower level is the ground state (x'S) of 
the CS molecule. Similarly, the upper level is 
probably the lowest 'II level, and lies somewhat 
above the perturbing state *II. 


The positions of the levels of the second 
system, C'S—B'S, have not been fixed with 
respect to the ground state x'S, but transitions 
from these states to those of the main system 
may produce some of the residual uncorrelated 
bands. Much longer exposures would permit 
rotational analyses of some of the weak, un- 
classified bands. 

It should be emphasized that the perturbations 
in the C'S state are definitely unrelated to those 
found in the 'II state. 

Several chemical investigations of the CS 
molecule have been made, but without definite 
conclusions regarding the stability of unpoly- 
merized, gaseous CS. Dewar and Jones, for 
example, believed that the dissociation: CS,—CS 
+S occurred in the discharge, and that the 
resulting CS, after existing for a short time as a 
gas, polymerized to form a brown deposit. More 
recently, Klemenc*® concluded that the primary 
process is formation of excited CS: molecules 
which (at all but liquid air temperatures) dis- 
sociate on striking the walls of the tube. He 
found no evidence of the gaseous CS. 

In our investigation, however, we have ob- 
tained such intense and prolonged emission after 
admitting but very minute quantities of CS. 
that we must assume that at very low pressures, 
CS molecules do exist in the gaseous state, with 
an appreciable lifetime, and that the solid deposit 
on the walls continues to evolve CS for pro- 
tracted intervals. 

In conclusion, we wish to thank Professor 
Harrison for extending to us the use of the 34-ft. 
grating of the Massachusetts Institute of Tech- 
nology, and to acknowledge considerable use of 
the photographic densitometer constructed under 
a Rumford Grant made to one of us (F. H. C.). 


*3 Klemenc, Zeits. f. Electrochemie 36, 722 (193). 
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The Band Spectrum of Ionized Aluminum Hydride! 


G. M. Atmy anp M. C. Watson, Laboratory of Physics, University of Illinois 
(Received April 25, 1934) 


The Schiiler hollow aluminum cathode lamp, containing helium and hydrogen, maintained 
at 2000 volts d.c., has been used to excite the band spectrum of AIH, which has been photo- 
graphed with a 21-foot grating spectrograph. Among the new systems appearing there is one 
with principal head at 3632A which on analysis proves to consist of the (0,0) and (1,1) bands of 
a *II (regular)—*=*+ system due to AlH*. The “II state is found to be regular and not inverted 
as suggested by Holst. The various band constants are obtained and the spin and A-doubling 


compared with theory. 


INTRODUCTION 


HE band spectrum of AIH has been studied 

extensively, chiefly.by the spectroscopists 
at Stockholm, using in most cases the Al arc in 
hydrogen as source. As a preliminary experiment 
in the use of the hollow cathode lamp of the 
Schiiler type as a source for the excitation of 
molecular spectra we have photographed the 
spectrum of AIH. All of the known bands of 
AIH have been excited with good intensity in 
this source, as well as several new systems in 
the ultraviolet, which, however, have also been 
recently photographed by Holst.?:* Holst has 
recently reported’ briefly the results of his 
analysis of a band at 3632A finding it to be a 
(inverted)—*> transition in AIH*+ with a 
coupling constant (A) in the 7II state equal to 
—39 cm. When we discovered this announce- 
ment we had just completed an analysis of this 
system with quite different results. The purpose 
of this paper is to present our analysis which 
we believe to be the correct one. 


EXPERIMENTAL METHOD 


The hollow cathode lamp is of the type de- 
scribed by Schiiler,! built and placed in a gas- 
circulating system according to suggestions from 


1 Paper presented at Washington meeting of American 
Physical Society, April 27, 1934. Cf. Bulletin 9, No. 2, 
p. 20, April 10, 1934. 

* W. Holst, Nature 132, 207 (1933); Zeits. f. Physik 86, 
338 (1933). 

3 W. Holst, Nature 132, 1003 (1933). 

4H. Schiiler, Zeits. f. Physik 59, 149 (1929), 


Professor Kruger of this laboratory. The dis- 
charge, maintained at 2000 volts d.c. by a four- 
tube hot-cathode mercury rectifier, was carried 
principally by helium at a few mm pressure to 
which a small amount of hydrogen was occasion- 
ally added. The gas was circulated by a mercury 
pump; charcoal and chabasite traps were used 
to remove undesirable gaseous impurities. The 
intensity of the hydride spectra increased with 
increasing amounts of hydrogen, but if too much 
were used the many-lined and continuous spectra 
of He obscured the spectra of the hydride. 
The proper amount of He and the best pressure 
of He to give intense hydride spectra without too 
much background were determined by trial. 

This source has several advantages over the 
low pressure arc: (1) only a little of the element 
whose hydride is being examined is needed, 
(2) the metal cathode can be immersed in water, 
or in liquid air, to reduce the Doppler effect, 
(3) molecular-ion spectra are probably produced 
with greater intensity, (4) the source can be 
operated for hours with little attention. 

After preliminary photographs with a Hilger 
E1 quartz spectrograph the final plates of the 
bands at 3632A were taken in the first order of a 
21-foot grating, 30,000 lines per inch, dispersion 
1.3A per mm. Wave-number measurements on 
one-hour and eight-hour exposures showed ex- 
cellent agreement. The wave numbers (in 
vacuum) listed in Table I were calculated from 
the measurements (mean of two observers) on 
the eight-hour plate, a reproduction of which 
appears in Fig. 1. 
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| 
TABLE I. Wave numbers arranged in branches. 
. . . . 
For Pi, Qi and Ri, J” =K"’+3; for P2, Q2 and Re, J’’=K"’—}. Asterisk indicates superposition. d=diffuse, dv =diffuse 
| to violet, dr =diffuse to red. 
q (0,0) band (1,1) band 
K” 1 I Py 1 I Ri K" Pi I I Ri 
0 27,672.50 0 27,691.25 0 2d 27,824.02 2 27,842.19 
1 3 27,659.30 8 678.16 709.08* 1 3 27,811.49 2 829.48 3 859.94* 
2 5 651.87 6 683.14 2d 727.29 3 3 805.09 4 835.11 1 877.87 
' 3 6 643.88 6 687.84 Sd 744.85* 3 3d 798.30 3 840.63 1 895.58 
4 6 635.49  6dv 692.28* 7 761.76* 4 3d 791.44 846.12 2 913.45 
5 10d 626.73* 8 696.42 3 778.80* 5 10dv 785.02* 5 851.55* 2 931.56 
|| 6 Od 618.10 700.58  10dr 795.87* 6 4 778.80* 5 857.43 4 949.77 
7 8d 609.34 704.72 812.89* 7 4d 771.99* 3 863.55 3 968.35 
' 8 8 600.64 = 7d 709.08* 4 830.11 8 Sd 766.26* 15 869.97 5d 987.56* 
9 1 27,592.70 8 592.06 7 713.35 6d 847.33* 9 2 760.50 2 877.16 4  28,006.56* 
10 1 584.44 8 583.88 6 717.89 2 864.59* 10 2 755.79 3 884.65 2 026.43 
576.60 8 575.92 6 722.72 3 882.19 751.76* 3 $92.84 2 046.82 
12 1 569.10 6 568.38 3 727.84 899.8 1* 12 2 748.27* 6d 901.92* 3d 067.58* 
i 13 0 561.96 6 561.25 6 733.26 2 917.78 745.83* 3 911.29 2d 089.17 
14 0 555.37. 5 554.58 5 739.01 4 936.03* 14 2 921.58 3dr 111.32* 
15 10dv 548.48* 4d 744.85* 2d 954.32 15 1 932.80 1d 134.08 
i 16 4d $42.75 § 751.76 4d 973.26* 16 5 944.97* 
ui 17 3 537.76 3 758.73 2 991.77* 17 2d 958.17 
i 18 3 533.39 Sd 766.26* 1 28,011.11 18 1d 972.48 \ 
19 4d 529.52 1 774.26" 1 030.67 19 Sd 987.56* 
i 20 2 526.92 2 782.96 1 050.82 20 4d 28,002.85* 
21 2d 524.43 3 792.20* 3 071.01 
22 3d 523.14 2 802.03 2dv 091.40* 
23 3d 523.14 5 812.89* 2d 113.03 
24 1 525.17 2d 134.75 
25 0 528.05 1 156.53 
| 26 
K” I I Q2 I Re P2 I I Re 
0 0 
1 1 27,774.26* 1 0 27,925.95 
2 2 27,748.27 9 785.02* 2 6d 27,901.92* 2 936.65 
3 7dv —-.27,709.08* 3 745.83*  10dr 795.87* 2  27,864.59* 899.81* 4 947.88 
| 4 6dv 692.28* 4d 743.41* 6d 807.59 4 1 850.24 4dr 898.48* 4d 960.07 
5 2 677.06 8d 742.03 6 820.11 836.78 4dr 898.48* 4d 973.26* 
} 6 2 663.43 8d 742.03 5d 833.36 q 4 824.68 5 899.81* 5d 987.56* 
7 4 650.64 8d 742.03 6d 847.33* 7 1 813.74 6d 901.92* 4d  28,002.85* 
HH 8 3 638.22 4d 743.41* 4 861.64 8 3 804.04 4 905.23 3 019.09 
9 10d 626.73* Sd 744.85* 2 876.58 9 10dr 795.87* 3 009.58 3 036.00 
| 10 6 615.51 5 747.05 2d 891.95 10 2 787.68 3 914.77 5d 053.77 
; 11 5 605.30 4 749.86 3 907.73 mu 781.19 2 920.99 2 072.31 
} 12 5 595.73 4 753.29 2 923.98 12 6 775.55 3 927.96 2dr 091.40* 
13 4 586.85 5 757.23 2 940.45 13. 1d 771.35 4 936.03* 3dr 111.32* 
) 14 4 578.65 8 761.76* 2d 957.51 14 3 767.89 5 044.97* 1 132.13 
15 3 571.16 Sd 766.26* 2dv 974.82 15 5d 766.26* 2 954.94 2 153.74 
16 4d 564.42 4d 771.99* 2 992.42 16 2d 966.05 2d 175.87 
17 2dr 558.27 4d 778.12 1d 28,010.67 17 2d 978.32 3 199.18 
18 3 552.94 9 785.02* 1 029.02 18 2 991.77* 1d 223.97 
19 10dv 548.48* 3 792.20* 2 048.00 19 4 28,006.56* 
20 2d 544.73 3 800.21 3d 067.58* 20 2d 022.48 
21 1d 541.88 1 808.84 4d 087.10 21 2 039.74 
| 22 3 539.89 3d 818.30 3 107.14 
] 23 3 538.82* 1 828.43 1d 127.98 
24 3 538.82* 2 $39.37 2d 148.68 
| 25 5 851.55* 3d 169.93 
i 26 2 864.59* 


ANALYSIS OF SPECTRUM. MOLECULAR CONSTANTS assigned band line is superimposed on any of 
these four lines. The Qj: “‘satellite’’ branch was 
resolved from the (0,0) P; branch beyond P;(93) 
but became too faint to observe beyond P;(14}). 
This satellite branch enables one to fix the sign 
and magnitude of the spin doubling in the 
*y+ state. The origins of the (0,0) and (1,1) 


An analysis of the spectrum showed that 
practically all of the lines of fair intensity could 
be formed into two bands of six strong branches 
each, as shown in the Fortrat diagram (Fig. 2) 
and in the lists of wave numbers (Table I). 
These bands are accounted for by assuming : . 
them to be the (0,0) and (1,1) bands of a 

(regular)—*=+ transition. That the state 

1 is regular (not inverted, as suggested by Holst) for the (0,0) band, », =27,667.8 cm™ »=27,760.2 em™ 
is indicated by the presence of Q,(1/2) and for the (1,1) band, », =27,819.5 ».=27,912.5 
1} P,(3/2) in each band. These lines would be Since AlH has an even number of electrons its 
absent if the *II state were inverted. No other states are singlets and triplets. This band 
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3604— 3632— TABLE II. Term differences. ; 
| = R(K" —1) —P(K" +1). 
(0,0) band: (1,1) band: 
| ie 0 
1 39.38 37.10 
2 65.20 65.18 61.64 61.36 
Hi 3 91.80 92.74 86.43 86.41 
4 118.47 118.81 110.56 111.10 
5 143.66 134.65 135.39 
6 169.46 169.4 159.57 159.52 
[ 8 220.83 220.60 207.85 206.98 
head P, head’ *Q» head Ps, P, heads 231.41 
271.2 .80 254.81 
11 296.21 296.22 278.16 278.22 
Fic. 1. Part of AIH* band system (II(reg)—*=*). The = 12 320.94 320.88 300.99 300.96 : 
presence of the indicated first lines in P; and Q; branches 13 345.23 345.33 323.51 ; 
requires that the *II state be regular. 14 369.30 369.29 345.06 fi 
15 393.28 393.09 
4 416.56 416.55 
1 439.87 439.48 
spectrum, therefore, is probably due to AIH*. 18 46225 46219 | 
This assumption is strongly supported by the 19 484.19 484.29 
20 506.24 506.12 
close similarity of this spectrum to the analogous 3, 52768 82767 F 
system in MgH. Since on this assignment the 22 547.87 548.28 
configuration of the state is (3sa)*3po, it may 568.32 
be written 
*>* state (due largely to superpositions of lines) and 
In the 22+ state, for either the F,; or Fz states thereby indicate a very small spin doubling in 
if one neglects spin doubling, the *2+ state. In Fig. 3b the average A,F’’(K’’)/ ; 
4(K"’"+}3) from F; and Fy, states is plotted 
against K’’+}. The intercept at K’”=—} is 


the value of B,’’. B,”” and D,” were also ob- 
A:F(K)= F(K+1) — F(K-1) tained by a least squares calculation using 
values of A, + 3) smoothed to the curves 
in Fig. 3b. From this calculation : i 

to a high degree of approximation. Values of 
are listed in Table IL and = 6.564. cem™ Do” = — 0.000474 
are the same to within errors of measurement B,"’=6.166 D,’’= —0.000465 


1 


27,900 28/00 
(0,0) band bend 
Fic, 2. Fortrat diagram of AlH* *I(reg)—*2* band system. 
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From these one obtains: °> states: 
a” = — B,""=0.398 cm 
r.’’=1.60A where y is a constant. In Fig. 4c the observed 
B,!"=6.763 values of Avie are plotted against K’’. The 
1610 em straight line is 0.056(K’’+ 3), hence y=0.056 
The ?2 spin doubling was obtained from the 
state 


branch since: 
Since, as will be shown, the A-type doubling 
— ” 
— Pi(K"). is very small, we assume that the ?II state follows 
According to the theory of spin doubling® in the Hill and Van Vleck equation. Thus: 


where Y=A/B,, upper sign (+) for F2, lower sign for F;. Hence 


AoF Y—4)+4(J—3)?]} 
4(J+3) 8(J+3) 
In Fig. 3a values of A, F’(J)/4(J+3) are plotted = 


against J+}3 for the and F,(?II,) levels. 
From Eq. (2) it is obvious that the mean of the 
two curves should be given by B,+2D,(J+3)2. 7F 
By least squares the following constants were 
found to fit best the mean curve, using values of 
A2F/4(J+3) for J>5, because of the uncertain 
behavior at small J: 


Bo’ =6.727 D,’= —0.000414 
B,’=6.479 D,’= —0.000409 
whence 
B/=6.851 7.’=1.58A, ,/=1753 


On account of inaccuracy in D,’ and D,’’, values 
of w,’ and w,’’ computed as described are not 
very reliable. The difference between origins of 
the (0,0) and (1,1) bands is, however, equal to 
to within a few 

The computation of B,’ does not depend upon 
the magnitude of the term to the one-half power 
in Eq. (1), but only upon the fact that A,F2/ 
4(J+3) and A.F;/4(J+3) are symmetrically 
above and below [B,+2D,(J+3)?]. 

The next step was to choose the best value 
of A. From Eq. (1): 


The discussion of spin and A-type doubling in this paper 
is based on the account of these effects given in Z # ¥ ? z z 
®R.S. Mulliken, Rev. Mod. Phys. 3, 89-155 (1931). Fic. 3. Values of A,F/4(J+}) for all observed states. 
seats S. Mulliken and A. Christy, Phys. Rev. 38, 87 (@) "II, (b) *2. Intercepts at left give approximate values 

of 
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Avei(K)= F2(K) — Fi(K)= B,{(2K +1) 


By trial it was found that A=108 cm™ gave 
the solid curve in Fig. 4b in good agreement with 
observed points obtained from: 


Ave:(K’) = Q2(K"”) — — 0.056(K’’+ 3), 


the last term correcting for spin doubling in the 
lower state. Equally good agreement is obtained 
in the (1,1) band. Thus the Hill and Van Vleck 
relation accurately describes the behavior of the 
211 state over a wide range of values of K. © 


A-type doubling 

Holst based his conclusion that the *II state 
was inverted on the A-type doubling. The values 
of this splitting (Ava) in the (0,0) and (1,1) 
bands are given in Table III and plotted in 
Fig. 4a for the (0,0) band. The A-type doubling 
is so small that errors of measurement make it 


da 
It Ate 
0 
+ ¥ ¥ ¥ 
b 
50} 
ay, 
(90) 
20+ 
K' 
2 é /0 /4. 146 22 26 
c 
Sr K" 
0 7. = IS 20 25 


Fic. 4. (a) A-type doubling in *II state. (b) Spin doubling 
in *II state, (0,0) band. Observed points Q2(K’’) —Qi(K”) 
—0.056(K'’+3). Solid curve from Hill and Van Vleck 
formula (Eq. (1)). (c) Spin doubling in * state. Observed 
points given by *Qi2(K”’) —P,(K”’). Solid line drawn to fit 
observed points, equivalent to 0.056 (K’’+}). 


TABLE III. A-type doubling. 
3) = + 


(0,0) band 
J+} 1/2) 3/2) 
1 —0.05 
2 —0.18 0.00 
3 +0.09 —0.54 
4 +0.28 —0.39 
5 —0.10 —0.26 
6 —0.05 —0.03 
7 —0.05 +0.06 
8 —0.18 +0.06 
9 —0.13 +0.09 
10 —0.02 +0.17 
11 +0.05 +0.16 
12 0.00 +0.16 
13 —0.02 +0.06 
14 +0.05 +0.38 
15 +0.32 +0.50 
16 +0.23 +0.29 
17 +0.27 +0.24 
18 +0.06 +0.14 
19 +0.19 +0.16 
20 +0.05 +0.20 
21 —0.04 —0.08 
22 —0.19 —0.38 
23 —0.50 
(1,1) band 
J+} Aviac? 
1 +0.09 
2 0.22 —0.25 
3 0.22 0.09 
4 0.14 0.06 
5 0.40 0.18 
6 0.69 0.22 
7 0.39 —0.13 
8 0.55 +0.08 
9 0.47 —0.34 
10 0.28 0.40 
11 0.35 0.50 
12 0.17 0.62 
13 0.10 0.89 
14 0.76 


appear quite erratic (four lines are involved in 
computing each point). It is doubtful if any 
conclusion can be drawn as to the nature of the 
state from the behavior of the doubling, but its 
trend, if anything, supports our assignment. 
Thus the theory for regular *II states indicates 
that Av, for the *II, state should be zero at the 
origin, then negative with increasing J, and 
finally rise to positive values, while for the *I]; 
state Avg. should rise slowly from zero at small J. 
The theoretical values of the A-type doubling 
constants (p and q) calculated according to Van 
Vleck’s theory as formulated by Mulliken and 
Christy,®” were found to be considerably larger 
than the observed splitting requires. This is, 
however, the behavior of these constants for 
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other similar molecules (for example, MgH), 
according to the survey made by Mulliken and 
Christy.*» 


Electronic configuration. Comparison with MgH 


A comparison of constants (Table IV) of 
AIH* and the “isoelectronic” molecule MgH 
strongly indicates that the AIH+ system at 
3632A is the analog of the well-known ?II 
(regular)—?=+ system of MgH with (0,0) head 
at 5211A. The correspondence is evident es- 
pecially in the ratio of electronic coupling 
coefficients in molecule and parent atom. Mul- 
liken® has shown that the AY coupling coefficient 
(A) in *II molecular states is in a number of 
cases about nine-tenths the /s coupling coefficient 


(a) in the *P atomic state from which the 7II 


®R.S. Mulliken, Rev. Mod. Phys. 4, 1-86 (1932). 


M. C. WATSON 


TABLE IV. Comparison of AlLH* with Mell. 


AlH* MgH 
*S state: We 1610 (calc.) 1494 (obs.) 
fe 1.60A 1.73A 
Spin doubling y 0.056 very small 
211 state: We 1753 (calc.) 1604 (obs.) 
re 1.58A 1.68A 
p ~0.03 0.04 
A-doubling very small 0.002 
3P atomic ‘‘a’’: 125.1 40.4 
Molecular 108. aS. 
A /(atomic a) 0.86 0.86 
Molecular vo 27,714. 19,310. 


3P,—'S (atomic) 37, 392. (Al II) 21, 851. (Mg 1) 


Data for MgH from references 5b and 6. All constants 
(except r) in terms of cm™. 


state is derived. It seems clear that the AIH* 
spectrum reported in this paper arises, as in 
MgH, from the transition ---(3sc)*3pm 7II(r) 
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Pure Rotation Spectrum of the HCl Flame 


Joun StroNG,* California Institute of Technology 
(Received April 17, 1934) 


Pure rotation lines for j=17 to 33 of the emission spectrum of the HCI flame are measured 
with a KBr prism. The following empirical formulae are determined to represent two series of 
lines measured corresponding to pure rotation in the two lowest oscillation states, 


N=0, v=20.9j—0.00185;*; 


N=1, »=20.2j—0.00163;. 


The linear coefficients agree satisfactorily with values calculated from the empirical oscilla- 
tion-rotation formula. Theoretically the two cubic coefficients should be equal. The frequency 
is strongly influenced by the cubic term for high values of j so that the observed difference 


between these coefficients is regarded as real. 


INTRODUCTION 


STUDY of a prism spectrometer in the far 

infrared, where available energy, rather 
than interference effects, limits the resolving 
power, led to the conclusion that the spec- 
trometer should be able to resolve the rotation 
structure of absorption bands as well as it is 
possible to resolve them in the near infrared. 
In fact the resolving power should be as great 
or greater than that obtainable with a grating.! 

Recently synthetic crystals, useful as prism 
materials (KCl, KBr and KI), have become 
available. These materials are transparent to 
greater than 30u making possible a prism spec- 
trometer for the study of far infrared spectra 
heretofore studied by reststrahlen technique and 
gratings.? Previously, the transmission limit of 
NaCl at 15-174 determined the boundary for 
prism investigations into the infrared. 

A prism spectrometer was constructed in this 
laboratory for the detailed study of spectra in 
this new region from 15-30u. Recent develop- 
ments in infrared technique were incorporated 
in this instrument such as high sensitivity 
thermocouple, large aperture optics, vacuum 
optical path, preliminary spectral purification by 
residual ray mirrors and Rubens selectively 
transparent shutters. These added to the possi- 
bilities of obtaining high resolving power in the 


* National Research Fellow. 
! John Strong, Phys. Rev. 37, 1661 (1931). 
* John Strong, Phys. Rev. 36, 1663 (1930). 


far infrared. Further details of the features of 
this spectrometer are given in a previous paper.* 

The first studies in this new spectral region 
should naturally be devoted to the problems 
which are of greatest general interest. The two 
problems studied and herein reported are the 
emission spectra of HCl and H,O and also the 
atmospheric absorption. 

A preliminary calculation shows that HCl 
molecules are excited by moderate temperatures 
(T>500°C) to quantum states (j>17) which 
would give rise to a pure rotation spectrum, 
\<29u. It is easier to get pure rotation spectra 
of a flame in emission than in the absorption of a 
heated gas, because of the weakness in total 
radiation. For this reason the emission spectrum 
of a hydrogen flame burning in an atmosphere of 
chlorine was chosen for study. Since this molecule 
has already been extensively studied in both the 
near and the far infrared, further contribution 
to its spectrum is of interest. The first study of 
the HCl emission spectrum was carried out by 
Julius in 1888.4 He determined the position of 
the fundamental oscillation band. The author is 
not aware of any subsequent publications on the 
HCI flame. Recent studies under high dispersion 
of the emission of CO: and H,O flames in the 
near infrared have been made by Neunhoeffer.® 


’ John Strong, R. S. I. 3, 810 (1932). 

4W. H. Julius, Arch. Neerl. 22, 310 (1888). 
, ®*>M. Neunhoeffer, Ann. d. Physik 2, 334 (1929); 4, 352 
(1930). 
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His resolution was sufficient to show that it was 
possible to get the rotation structure from a 
flame. 

The Bunsen flame emission is of interest as a 
calibration source for this region (15—30y). 

The absorption of water vapor in this region 
is of importance to meteorology because of the 
role it may play in the transfer of heat by 
radiation at temperatures from 200 to 300°K. 


APPARATUS 


A lamp wherein hydrogen was burned in an 
atmosphere of chlorine was designed and con- 
structed by Dr. George C. Munro. This lamp 
consisted of three parallel fish tail burners, 
mounted in a vertical tube. A window opposite 
the fish tail burners was covered with a ly 
lacquer film. The radiations, passing out through 
the lacquer window, were focussed on the spec- 
trometer slit by a 3’’ focus concave silvered 
mirror. With the exception of about 12” the 
entire optical path of the pure rotation radiation 
of the flame from flame to thermopile was in 
vacuum. A vertical stream of chlorine completely 
surrounded the burners. In order to prevent the 
delicate lacquer film from breaking due to the 
weight of the chlorine gas an air aspirator 
created a slightly reduced pressure at the top 
of the tube. The exhaust gases from the lamp 
were drawn through a flue by a fan. Here they 
were much diluted by air and discharged into 
the atmosphere from the top of the laboratory. 

The current generated by the pure rotation 
spectrum falling on the thermopile® was measured 
with a Leeds and Northrup type H. S. galva- 
nometer. The galvanometer was placed on a 
vibrationless support.’ A galvanometer scale at 
8 meters distance was read to 1/10 mm with a 
telescope. No amplifier was used. 


CALIBRATION 


Calibration wave-lengths were determined by 
the transmissions of atmospheric (13.95) 


and CS,° (25.2u). (See Table I.) For CS. radi- 


§ John Strong, R. S. 1. 3, 65 (1932). 

7 John Strong, Phys. Rev. 37, 1565 (1931). 

8 Louis Russell Weber and H. M. Randall, Phys. Rev. 
40, 835 (1932). 

®D. M. Dennison and Norman Wright, Phys. Rev. 38, 
2077 (1931). 


[. Celibrution data. 


M M 
inn X10,000 139°C Gas in X 10,000 

14 4206 1.5141 COz 13.95 4190 

15 4440 aa CS, 25.20 7960 

16 4692 

17 4963 

18 5254 

19 5564 

20 5895 

21 6248 

22 6620 

23 7015 

24 7432 

25 7871 

26 8332 
~ 27 8820 

28 9340 

29 9890 


ations from 20-304 were separated from the 
total radiation of a globar by two reflections 
from fluorite. The purity of the spectrum dis- 
persed by the HBe prism was further insured by 
the use of a NaCl shutter. The saturated vapor 
of CSe was retained in a thin cell equipped with 
1u lacquer windows. The cell was removable and 
the transmission was given by the ratio of 
“cell in” to “cell out” energies. (See Fig. 1.) 
The prism was cut from a synthetic crystal 
grown by a method described in a former paper. 
It was cut and polished and figured by J. W. 
Fecker and Company. The prism, property of 
the University of Michigan, was kindly loaned 
to me by Professor Randall for this investigation. 
The prism angle was measured on a “‘student”’ 
spectrometer as 28° 20’10’. The calibration 
curve was defined by this datum, the index of 
KBr at 13.954 as determined from the smoothed 
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Fic. 1, CS, transmission curve for the 25.24 band. 
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ROTATION SPECTRUM OF HCl 


data of Korth,"® the prism micrometer readings 
at 13.95 and 25.20u, the fact that 1° prism 
rotation equals 0.1817’ on the micrometer screw, 
and the assumption that the ultraviolet terms 
do not contribute to the dispersion of KBr in 
this interval. 

From these data the following dispersion equa- 
tion for KBr is obtained in which ultraviolet 
terms appear in the constant term. 


n?= 4.90435 — 19, 858(Ao?— dA?) 
where Ao= 88.34 as determined by Barnes." 


The relationship between prism micrometer 
readings, \/, and ) is given by the relation: 


H20 Emission) Spectra 


—s Galvanometer Deflection 


Prism Table | Micrometer A 
0.400” 0.500” 0.600” 0700” 
13.10 20.30m 22.97 


Fic. 2. Emission spectra of Bunsen flame, A, of gas-oxygen 
flame B and C, and oxy-hydrogen flame, D and E. 


“ K. Korth, Zeits. f. Physik 84, 677 (1933). 
" R. Bowling Barnes, Zeits. f. Physik 75, 723 (1932). 
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sin? (48° 14’ 52’’— M/.1817) 
sin? (28° 20’ 10’) 


= 4.90435 
— 19,858(7797 


This relationship is open to criticisms on the 
ground that the assumption that the ultraviolet 
terms are essentially constant may not be valid. 
Furthermore the index for 13.95u is for 38°C 
whereas the prism was used at 23°C. It is con- 
tended that the errors arising from these sources 
are insignificant. The data used, with the ex- 
ception of the index at 13.95, were all taken at 
23°C. The temperature coefficient of the index 
of refraction of all known prism materials de- 
creases to very low values at their extreme 
infrared limit of transmission. In any event the 
errors introduced would be of second order and 
should appear only midway between 13.95y and 
25.20u as well as considerably beyond 25.20u. 


MEASUREMENTS ON H,O 


The new results obtained from measurements 
of the emission of a Bunsen flame are shown in 
Fig. 2, curve A and are tabulated in Table II. 
That these maxima are due to H,0O is indicated 
by the curves B and C for the emission of He 
burning from two fish tail burners of the HCl 


TABLE II. 
HO emission lines 
M r M M r 
<1000 inu inuw inu 
413 13.54 500 17.14 578 19.65 
425 14.19 510 17.49 593 20.09 
440 14.84 525 18.00 616 20.75 
452 15.33 538 18.42 620 20.86 
464 15.81 5605 19.25 630 21.13 
478 16.34 642 21.46 
Atmospheric absorption lines 
Mx 1000 735 791 830 862 883 
Ain yw 23.81 25.09 25.93 26.61 27.03 


lamp in an atmosphere of air. Curves D and E 
are for one burner of the lamp with an atmos- 
phere of pure oxygen instead of air as in the 
above case. 

Unfortunately the emission of the H,O flame 
was never extended beyond 20x. 

The ‘‘cell out’? measurements on CS» give the 
absorption lines given in Table II. These atmos- 
pheric lines are presumably due to H,O. 
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Prism Table |Micrometer ‘deville, 
0.420” 0.500" 0.600” 0.700" 0.800” 0.900" 1.000" 
13.95 20.304 25.29u 27 29.19 


Fic. 3. Pure rotation HCI emission spectra. 


MEASUREMENTS ON HCl 


Measurements of the HCl rotation spectrum 
were made with an NaCl shutter beyond 24u 
and metallic shutter below 24u. As previously 
stated, the total emission of the flame was 
small (not perceptible to the hand) so the two 
fluorite reflections, used before with a Globar 
source, were unnecessary. 

Results of all measures on HCI are plotted in 
Fig. 3 and given in Table III; about 50 Ibs. of 
chlorine were boiled away to make these meas- 
ures. The level of liquid chlorine was indicated 
by the frost which formed on the outside of the 
tank. 

It is noticed that there are three series of 
lines. Those lines represented by the quantum 
numbers 17 to 33, those represented by the 
primed quantum numbers 18’ to 24’ and those 
represented as satellites of the lines 26S to 30S. 


CLASSIFICATION OF HCI LINES 


The difference between two energy states of 
rotation in the zero oscillation state is given by 
the relationship 


Wi(j+ 1)- Wio(j- 1) vt ose(J— 1) 
V~ose( J+ 1) = Vrot(J—- 1) + Vrot(j)- 


Using the oscillation-rotation data of Colby, 
Meyer and Bronk™ we can make the following 
comparison between the values of this energy 
difference with that obtained from the data for 
the first series of pure rotation lines given in 
Table II. This comparison follows: 


j ose(j — 1) — +1) Prot(j —1)+rrot (J) 


18 3138.8 — 2429.9 = 708.9 345.64 364.6 =710.2 —1.3~ /cm 
19 3148.1 — 2401.2 = 746.9 364.64 384.2 =748.8 —1.9~/cm 


Colby, Meyer and Bronk, Astrophys. J. 57, 7 (1923). 
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ROTATION SPECTRUM 


The agreement to 1.3~/cm for j=18 and to 
1.9~/cm for j=19 confirms the classification 
of the lines j=17 to j=33 as pure rotation 
lines of HCl in the ground oscillation state. 

The corresponding relationship for the first 
oscillation state, N=1, is 


WiG+ i)- 1)= ose(J) ore(J) 
Vrot(J— 1) + rrot(J). 


The comparison of the data of Colby, Meyer and 
Bronk with the second series of HCI lines is as 
follows: 


j ose(j) v~ose(J) Vrot(J 1)+ Vrot (7) A 


18 3155.4—2429.9=725.5 354.04+371.9=725.9 0.4A~ /cm 
19 3161.5—2401.2=760.3 371.94+-391.1=763.0 2.7~/cm 


The agreement to 0.4~/cm for j’=18 and to 
2.7~/cm for j’=19 confirms a classification of 
the lines 7’=18 to j’=24 as pure rotation lines 
of HCI in the state of oscillation N= 1. 

The five satellites designated by S, are un- 
explained. They are not due to pure rotation in 
the state N=1 since they do not agree with the 
positions predicted by an empirical equation 
representing the lines j’=18 to j’=24. They are 
not due to rotation isotope effect. This effect is 
very small for pure retation as the chlorine atom 
is very near the center of rotation and the 
moment of inertia is consequently insensitive to 
small changes of its mass. For j= 27 the distance 
between and HClh; is about 1~/cm 
whereas the displacement of the satellite from 
the line 7= 27 is about 8~/cm. 

It would be inconsistent with the expected 
distribution in the energy states to classify these 
lines as pure rotation for the state V=2. One 
would expect more than only these five lines to 
appear. 

They are not easily described to instrumental 
causes (as they might be if they were measured 
with a grating rather than a prism). The data 
are not sufficient to allow a precise determination 
of their wave-lengths on account of their near- 
ness to the lines j= 26—j=31. 


EMPIRICAL EQUATIONS 


The fourteen lines j7=17 to j=33 were fitted 
to an equation of the form 


v= Aj—B;’. 
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TABLE III. Pure rotation HCl emission lines. 


Vv v 
M observed calculated Av 
X1000) ing in~/em in~/em in~/em 
N= 
17 985 28.93 345.6 346.2 —0.6 
18 904 27.43 364.6 365.4 —0.8 
19 835 26.03 384.2 384.4 —0.2 
20 778 24.79 403.4 403.2 0.1 
21 730 23.69 422.1 421.8 0.3 
22 990 22.72 440.1 440.3 —0.2 
23 655 21.82 458.3 458.2 0.1 
24 624 21.08 474.4 476.0 1.6 
25 598 20.23 494.3 493.6 0.7 
26 575 19.56 511.2 510.9 0.3 
27 555 18.95 527.7 527.9 —0.2 
28 538 18.42 542.9 544.6 -—1.7 
29 520 17.82 561.1 561.0 0.1 
30 506 17.35 576.4 577.1 —0.7 
31 495 16.96 589.6 592.8 —3.2 
32 480 16.41 609.4 608.2 1.2 
Mx 470 16.04 623.4 623.2 0.2 
18’ 949 28.27 354.0 © 354.1 —0.1 
19’ 876 26.89 371.9 372.6 —0.7 
20’ 813 25.57 391.1 391.0 0.1 
21’ 763 24.45 409.0 409.1 —0.1 
22’ 718 23.41 427.2 427.2 0 
23’ ~—s 680 22.48 444.8 444.8 0 
24’ O48 21.62 462.5 462.1 0.4 
Satellites 
26S 582 19.76 506.1 
27S 564 19.23 520.0 
28S 544 18.61 537.3 
29S 524 17.95 557.1 
30S 510 17.49 571.7 


This was easily done by plotting v/j versus ?* 
and drawing a straight line through the points. 
A is determined by the intercept of this line and 
B is determined by its slope. 

A similar procedure was followed for the lines 
j'=18 to j'=24. The equations obtained were 


for V=0 
for N=1 


v= 20.97 —0.09185)3 and 
v’ = 20.2’ —0.00163j”. 


The data for lines j7=24, 28 and 31 were not 
used in this determination. The calculated and 
observed frequencies are given in Table III 
together with discrepancies. Discarding the three 
lines just mentioned the average deviation for a 
single line from the calculated values is 0.4 ~~ /cm. 
This is a measure of the accuracy of the de- 
termination of a single line. 


DISCUSSION 


The blend ?HCI;;+}HCl;; gives a line for 
j=27 about 0.2~/cm displaced from the line 
of pure HCl,;. Since this is small compared to 
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the 0.4~/cm accuracy no analysis was carried 
out to determine two formulae (for N=0) for 
the two important isotopic constituents of the 
_ chlorine. More precise measures of this spectrum 
should, however, give data which would allow 
this isotope effect to be determined because the 
half-line breadth is calculated to be of the 
order of 1~/cm. 

From the formula representing the lines of 
the oscillation-rotation spectrum it is possible to 
calculate the coefficient of the pure rotation 
spectrum from the relationship (Linear coeff- 


cient+Square coefficient) oscijiation= (Linear co- 


efficient) pure rotation. From the data of Colby, 
Meyer and Bronk, we get good agreement with 
the pure rotation coefficient. 


20.598 +-0.301 = 20.899 


(from oscillation-rotation lines). 


This value, 20.899, agrees better with the empiri- 
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cal value 20.9 than with Czernys’ value 20.794." 

The difference between the linear coefficient, 
A, for N=0 and A for V =1 should be twice the 
square coefficient of the oscillation-rotation for- 
mula. Here we have 


20.9 — 20.2 =0.7 (observed) and 
2x.3=0.6 (calculated). 


The cubic term from the Colby, Meyer and 
Bronk data is 0.002056 as compared to 0.00185 
for N=0 and 0.00163 for V=1 and 0.00164 
from Czerny’s measurements. Since the de- 
termination of the cubic term is more accurate 
when determined for larger values of j the 
value 0.00185 for V=0 and 0.00163 for V=1 
are therefore to be considered most reliable. 

In conclusion I wish to acknowledge my 
appreciation of the help I have obtained from 
Professor R. A. Millikan and Professor W. V. 
Houston. 


4M. Czerny, Zeits. f. Physik 53, 317 (1929). 
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The value of ¥*(0) for the 7s state of TI I is calculated relativistically and compared with the 


value determined from the formula ¥7(0) =Z;Z 


o?/xa*yn,°. With the experimental value of the 


hyperfine structure splitting of this level, the magnetic moment of the TI nucleus is found 
to be: 1840g=2.7. The f values corresponding to the transitions p3/251/2 and p1/25;/2 are also 
determined and are found to be in agreement with experiment when the effect of a perturbation 


is taken into account. 


INTRODUCTION 


N order to calculate nuclear magnetic moments 

from the hyperfine structure splittings of s 
levels, one needs the value of ¥7(0), the proba- 
bility of finding the s electron in a unit volume 
near the nucleus. For this calculation, various 
writers! 2: have used the formula ¥2(0) = Z;Z,2/ 
7a*n>° where Z; is the effective nuclear charge in 
the inner part of the orbit, aq the Bohr radius, Z» 
the effective charge in the outer part of the orbit, 
and mo the effective quantum number, defined by 
equating the term value energy to — RZ,?/n¢*. 
An accurate numerical calculation of y*(0) 
provides a test for the validity of this semi- 
empirical formula. The results of several such 
calculations were reported in reference 2; in 
some of these the agreement with the formula 
was good, but in other cases poor. It seemed 
worth while therefore, to carry out some further 
calculations. 


THEORY 


The 7s state of Tl I with the term energy 
22,787 cm~' was used. The method followed has 
been outlined by Breit‘ and will be discussed only 
briefly here. Radial functions closely related to 
Gordon’s F and G are used, and the equations 
they satisfy are: 


1 Pauling and Goudsmit, Structure of Line Spectra. 

2G. Breit, Phys. Rev. 42, 348 (1932). 

? McLennan, McLay and Crawford, Proc. Roy. Soc. 
A133, 652 (1931). For modifications of formula see Fermi 
and Segré, Zeits. f. Physik 82, 729 (1933). 

*G, Breit, Phys. Rev. 38, 463 (1931). 


+ V oo, 
- (1 +E/me?) — 


A=h/mce, E is the energy, V the potential energy, 
and for s terms j’= —1. The solutions of these 
equations are used to evaluate 


¥7(0)= 
A 


With the Fermi-Thomas field for small values of 
r(r <0.06a,) solutions may be obtained in terms 
of hypergeometric functions, and these suffice for 
calculating fo°(¢1¢2/r?)dr since the integrand 
falls off very rapidly with r. The calculation of 
the normalization integral jo°(¢°+¢2")dr is 
simplified by the fact that ¢,° may be neglected in 
comparison with ¢,” throughout the whole range 
of r which contributes to the integral. 

A solution for ¢2(r>0.06ay) is obtained by 
using the Wentzel-Kramers-Brillouin method in 
a slightly modified form. This leads to a sinu- 
soidal solution which may be joined to the 
hypergeometric series solution at the first node, 
and an exponential solution for large r. The sine 
and exponential solutions do not join, but the gap 
may be bridged by using the Schroedinger y 
function, since for large values of r, 2 behaves as 
ry. By making a slight change in the field it was 
possible to join the Schroedinger solution to the 
sinusoidal W. K. B. solution at its last node. 
The exponential solution for large values of r 
was then seen to be identical with the Schroed- 
inger solution in that region. 
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The Fermi-Thomas field was first changed so 
that the phase integral was 5.757 in accordance 
with Kramers’ rule. This was accomplished by 
making the field purely Coulomb beyond a point 
r=ro, this point being determined by trial. In 
order to remove the resulting discontinuity in 
the potential at ro, the difference between the 
Fermi-Thomas and Coulomb values at 7) was 
subtracted from all values between 7» and the 
origin. This process still leaves a break in the 
slope of the potential function at 797 which may be 
smoothed out graphically. No reasonable smooth- 
ing out of this break made any difference in the 
calculations considered. In the final field used, 
the value of the phase integral had to be in- 
creased slightly (about 1 percent) over the value 
5.752. A comparison of this field with that used 
by Breit‘ showed the two to be practically 
identical. Thus the same field is in agreement 
with the experimentally determined energies of 
P32, Prs2, S12 States. 

The result of this relativistic calculation is 
¥7(0) =3.7(8) cm-*. The value from the 
formula ¥7(0) is cm“ 
but the relativity correction must still be applied 
to this. According to Racah® this correction 
factor is 2.31, so that ¥’,.7,(0) =3.9 

The agreement between these two results is as 
good as could be expected. It is difficult to 
determine the probable error of this calculation; 
10 percent is a rough estimate. Racah has also 
calculated ¥7(0) for this state, obtaining a value 
11.3 10*5 cm~, which is three times as large as 
that found here. 


CALCULATION OF f VALUES 


Knowing the values of ¢2 for 
states, one can calculate the f values for the 
transitions p3;2, 1/2 and $12 Which we denote 
by fssso and fszz5. The f values are given by 


+ mj $4 


For the calculation of matrix elements Xmjs m; 
etc., only the radial function ¢2 is used, but the 
angular dependence must be taken into account. 
_ This calculation gives f5350=0.146; fsz7=0.114 


®(. Racah, Zeits. f. Physik 71, 431 (1931). 
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as compared with the measured®:’ values 0.076 
and 0.08, respectively. 

These discrepancies may be explained by the 
presence of a perturbing configuration. According 
to Fermi and Segré’ the configuration 6576p which 
gives rise to the p terms discussed above is 
perturbed by the configuration 6s6p7s which lies 
about 7 volts above it. They find that they may 
use 

=0.96Yo — 0.221 +0. 18Y2+0.03ys, 


where y is the perturbed eigenfunction for the 
state (P32) 3/2 and 


¥o= 16s 68 S_iy2, (6P)1 
Yi=!6s S_1j2, 7s (6p)1 S12}, 
{6s 7s S_iy2, (6P)1 Siy2}, 
¥3= {6s 78 Siy2, (6p)1 S_12}. 


These functions are supposed to be antisym- 
metrized by writing them as determinants with 
the proper normalization factor. 

In order to investigate the effect of this 
perturbation on f;350, approximate values of 
for the 6s electron were obtained. The field used 
was the same as that for the 7s electron, and the 
energy for 6s was determined to fit.this field. 
Since no experimental energy for 6s was avail- 
able, this seemed to be the best procedure to 
adopt. The 7s term used in this calculation arises 
from 6s°7s and we represent (S1/2)1;2 by {6s 
6s S_1/2, 7s Sy2}. Since the angular dependence 
for all s terms is the same, the effect of this 
perturbation is to change only integrals over the 
radial variable. The perturbation reduces the 
value of fs3;0 to 0.073, which agrees with the 
measured value, 0.076 better than could be 
expected from the accuracy of the calculation. 

This perturbation also affects the value of 
Which involves the state. We represent 
the unperturbed wave function for (p1/2)1;2 by 


— (2) 


where 
go = 16s 68 S_1j2, 
= {6s Siy2, 65 S_1/2, (6p)1 S—1y2}. 


® Det. Kgl. Danske Videnskab. Selskab. Mathem. 
Meddeleser 7, 12 (1926). 

? Prokofjew and Solovjev, Zeits. f. Physik 48, 276 (1928). 

8 i. and Segré, Reale Accademia D'Italia IV, 131 
(1933). 
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The radial integrals involved in the calculation 
of the coefficients for the perturbed (1/2) 1/2 
function, which we denote by ¢, can be reduced 
to those evaluated by Fermi and Segré, and 


$= —0.11¢2 —0.1543+0.09¢4, 
where 
{6s S_i2, 7s Siy2, (6P)1 
{6s S_i2, 7s (6p)0 S12}, 
$3= {6s Siy2, 78 S_iy2, (6p)1 S12}, 
[6s 78 S_iy2, (6P)o S12}. 


The effect of this perturbation is to reduce 
fszzms to 0.059 as compared with the measured 
value 0.08. 

This agreement between calculated and meas- 
ured intensities indicates that Fermi and Segré’s 
explanation of the anomalous splitting ratio of 
p12 and p32 in terms of this perturbation must be 
essentially correct. 

The nuclear magnetic moment is given by 
guot. Here wo is the Bohr magneton, 7 the angular 
momentum of the nucleus in units of 4/27, and 
the g factor may be determined from the 


hyperfine structure splitting of a given level. 
The g factor found from Schiiler and Keyston’s® 
data on the 7s level of T1 I is compared with other 
determinations in Table I. 


TABLE I, 
Siy2 Pin Most probable value 
- according to Fermi 
1840g 2.7 2.9 2.8 


The 63,2 level is perturbed so strongly that one 
cannot rely on the g value determined from it. 
The g value for p12 was calculated by Breit* and 
in this calculation the perturbation of 6s*6p by 
6s6p7s was not taken into account. Calculation 
shows that this perturbation causes an increase in 
the g value of about 3 percent, but since the 
perturbed wave function for pi. cannot be 
determined accurately, no significance can be 
attached to this correction. 

In conclusion the writer wishes to thank 
Professor G. Breit for his helpful suggestions 
regarding this calculation, and for the use of 
tables of functions for the 6p states of TI. 


* Schiiler and Keyston, Zeits. f. Physik 70, 1 (1931). 
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The positive ion and electron work functions have been 
determined for well outgassed columbium and found to 
be for the electrons 3.96 volts with A equal to 57 amp./ 
cm*/degree? and for positive ions 5.52 volts. It has been 
found that by bombarding the ionization gauge at a high 


temperature the specimen could be contaminated so as to 
change the electron work function by about 16 percent. 
The effect of impurities on the positive ion work function 
has been studied and it is shown that these will in general 
cause an increase in this quantity. 


N a series of letters to the editor it has been 
shown by one of us! that certain metals when 
heated to a sufficiently high temperature will 
emit positive ions of the metals themselves. It 
has been known for a long time that all metals 
when first heated to incandescence will emit 
positive alkaline ions but as far as the writers 
have been able to tell the metallic ions have 
hitherto escaped detection. 

These findings have been verified by Smith,’ 
who independently noted the emission of ions, 
which he concluded had a greater mass than the 
potassium ions, from tungsten. Later® he made a 
qualitative determination of the positive ion 
work functions for tungsten and molybdenum 
after determining the mass of the ions. Barnes‘ 
has extended and verified the results listed above 
and in addition has repeated Smith’s determi- 
nation of the work function for molybdenum. He 
obtained a value of 8.12 volts. This is about two 
volts higher than that obtained by Smith. Both 
these values are questionable due to insufficient 
heat treatment of the specimens used. 

In the work described below the work functions 
for the electrons as well as for the positive ions 
has been determined for columbium, precautions 
being taken to eliminate spurious effects as much 
as possible. 


EXPERIMENTAL PROCEDURE 


An accurate determination of the work func- 
tion, thermionically, requires that the tempera- 


1H. B. Wahlin, Phys. Rev. 34, 164 (1929); 35, 653 
eae 37, 467 (1931): 38, 1074 (1931); Nature 123, 912 
?L. P. Smith, Phys. Rev. 33, 279 (1929). 


ture of the metal under investigation shall be 
known with considerable accuracy. This is 
particularly true if a reliable value of the constant 
A in the thermionic equation is desired. 

Since the value of the emissivity used in 
computing the true temperature from the 
brightness temperature as determined with an 
optical pyrometer, may be a function of the 
outgassing, it was necessary to determine this 
quantity under good vacuum conditions. Mr. L. V. 
Whitney made such a determination using the 
wedge method. The optical pyrometers used 
followed the design proposed by Fairchild and 
Hoover.’ The brightness and true temperatures 
are listed in Table I. 


TABLE I. Brightness temperature, Tp, and true temperature 
Tr, for \=6690°A. 


Tr°K 
1200 1266 1650 1784 
1250 1325 1700 1841 
1300 1383 1750 1898 
1350 1440 1800 1957 
1400 1497 1850 2016 
1450 1555 1900 2077 
1500 1611 1950 2139 
1550 1670 2000 2203 
1600 1726 


The first thermionic determinations were made 
with a two guard ring tube (Fig. 1). GiG2 are the 
guard rings and C the collecting cylinder. Q:Q2 
are two quartz rods which clamped the collector 
and guard rings in place. The collector was 25 


3L. P. Smith, Phys. Rev. 35, 381 (1930). 

4L. L. Barnes, Phys. Rev. 42, 487, 492 (1932). 
( ° a and Hoover, J. O. S. A. and R. S. I. 7, 542 
1923). 
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Fic. 1. Diagram of two guard ring tube. 


mm in diameter and 25 mm long. The guard 
rings were about 40 mm long. The filament F, a 
strip of columbium 15 cm long, 2 mm wide, and 
0.05 mm thick was held along the axis of the 
system of cylinders. The metallic parts of the 
tube were first heated in a vacuum to a final 
temperature of about 1300°C by electron bom- 
bardment. This heating extended over a period of 
200 hours. The cylinders were then transferred 
to the main experimental tube and this sealed to 
the vacuum system as soon as possible. In all, the 
cylinders were exposed to the air for about 24 
hours. Care was taken in handling the cylinders 
after outgassing to avoid contamination which 
may cause appreciable alkaline ion currents when 
the metal becomes warm. 

The tube was evacuated and baked at a 
temperature ranging from 300°C to 400°C for a 
period of 250 hours. During the latter part of this 
baking the filament was heated to a final 
temperature of 1700°K. The furnace was then 
removed and the heating of the filament con- 
tinued at a temperature of 1900°K for a total 
period of 1400 hours. 

Fig. 2, curve A, shows a plot of log, i—2 log, T 
against 1/7 for electron data obtained after 
about 700 hours outgassing. As will be noticed, 
this curve shows a distinct break. The values of 
the work functions for the two parts of the curve 
are: for the high temperatures 4.0 volts and for 
the low temperatures 3.3 volts. With continued 
outgassing the break diminished until in the final 
stages it disappeared entirely (curve B). The final 
value obtained for the electron work function was 


3.95 volts. The constant A was found to be 57 
amp./cm?/degree’, a good check with the theo- 
retical value of 60.2. The value of g and A given 
above did not vary during the last 200 hours of 
heat treatment. 

In the tube used in the above determinations 
the insulation between the cylinders was not 
sufficiently good to allow accurate measurement 
of the very small positive ion currents. Therefore 
the single guard ring tube (Fig. 3) with a loop 
filament was substituted. In this tube the 
collector (C) was supported from below and the 
filament (F) and guard ring (G) was held from 
a seal at the top. A disk shielded the lower seal 
from metallic vapor and thus prevented leakage 
across the glass. The tube was made sufficiently 
long so that the lower seal could be maintained at 
room temperature with the filament hot. The 
ionization gauge used in measuring the pressure 
was sealed to the evacuating lead about 25 cm 
from the experimental tube. The baking and 
outgassing process was approximately the same 
as for the first tube and extended over a total 
period of 1600 hours. 

The first determinations of the electron work 
function made after 400 hours outgassing gave a 
value of 3.5 volts. The break which had appeared 
with the first specimen was entirely absent. 
With further outgassing this value rose until 
after 900 hours it had reached a value of 3.96 
volts. The pressure at this time was about 7 
mm. 


Fic. 2. Plot of log, '—2 log, T against 1/T. 
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Fic. 3. Diagram of single guard ring tube. 


The ionization gauge was then outgassed by 
bombardment at a temperature higher than that 
ordinarily used. After this bombardment the 
break appeared in the Richardson plot. The two 
values found for ¢ were 3.9 and 3.4 volts. 
Further heat treatment of the filament for 100 
hours caused the break to disappear and the 
work function returned to a value of 3.96 volts. 
This value persisted over a total outgassing time 
of 1400 hours. In the meanwhile the pressure had 
dropped to less than 4X10-° mm. A further 
change in the pressure to a final value of 10-* did 
not change the results. 


PosITIVE ION WorRK FUNCTION 


After 1400 hours outgassing, determinations of 
the positive ion work function were made. For 
this a quadrant electrometer with a current 
sensitivity of 4 10-" amp./mm was substituted 
for the galvanometer used in measuring the 
electron space current. In order to shield the 
experimental tube from electrostatic effects the 
glass was given a coating of aquadag which was 
grounded. This was so satisfactory that air could 
be blown against the tube to cool it without the 
electrometer being disturbed. 

The initial work function determination be- 
tween the temperature limits of 2000°K and 
2200°K was about 7.9 volts. Between 1800°K and 
1950°K, with a higher electrometer sensitivity, a 
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value of 5.4 volts was obtained. A continued 
flashing of the filament at the higher tempera- 
tures caused a lowering of the space current and 
also a lowering of the high temperature work 
function until a final value of 5.52 volts was 
obtained for both temperature ranges. 

These values were computed from the equation 


1=BT exp. (—¢/kT). 


The value of B in this equation was found to be 
approximately 0.1 amp./cm?/degree. The above 
equation is admittedly approximate. Smith? has 
derived a more exact equation which unfortu- 
nately cannot be applied in this case due to a 
lack of the necessary information about colum- 
bium. However, a more exact equation should not 
change the value of ¢ greatly. 

Fig. 4 shows a plot of log. 7—log, T against 1/T 
for the positive ion currents. 

During the last 100 hours of flashing treatment 
the positive ion currents and the work function 
remained constant within the limits of error, and 
they remained the same whether the readings 
were taken by changing the temperature con- 
tinuously or by reducing it between readings to 
some lower temperature (1200°K) to keep the 
walls of the tube cool. 

After the observations on the positive ion 
currents had been concluded, the electron work 
function was again determined and was found to 
be 3.97 volts. The pressure as indicated by the 


Fic. 4. Plot of log, i—log, T against 1/T for positive ion 
currents, 


THERMIONIC EMISSION FROM COLUMBIUM 889 


ionization gauge was 10~-* mm. The average value 
for the electron work function from the specimens 
is thus 3.96 volts after correction for the Schottky 
effect. 

The ionization gauge was now bombarded at a 
high temperature and again the break in the 
electron work function curve appeared. Heat 
treatment of the filament caused it to disappear 
as before. 


DISCUSSION OF RESULTS 


The fact that the break in the electron work 
function curve did not appear with the second 
tube until after bombardment of the ionization 
gauge at a higher temperature than is generally 
used before pressure readings are taken shows 
conclusively that it is not characteristic of the 
filament. The fact that it disappears gradually 
and also is independent of the pressure indicates 
that some condensable material is volatilized 
from the gauge and condenses in the experi- 
mental tube. This-is borne out by the fact that 
the break was more prominent if the bom- 
bardment was carried out with the experimental 
filament cold. 

The vapor pressure of such a material would be 
determined by the temperature of the experi- 
mental tube which in turn is determined by the 
temperature of the filament. If the amount of the 
filament covered by this impurity is determined 
by the vapor pressure, one would expect that 
with continued heat treatment and as the 
material diffuses to the colder parts of the tube, 


the amount of the filament covered would be less 
and consequently the low temperature work 
function would approach the value characteristic 
of the pure metal. 

The change in the positive ion work function is 
more satisfactorily explained. It is impossible to 
heat treat the filament for long periods at or 
above the temperatures at which it emits metallic 
positive ions since these ions generally become 
measurable only at temperatures where the vapor 
pressure becomes appreciable. If impurities which 
condense on the colder parts of the tube are given 
off during the early stages of outgassing, an 
equilibrium condition will be reached, with 
prolonged outgassing, where the vapor pressure 
due to these impurities will be negligible. If now 
the filament temperature is increased, the 
equilibrium will be disturbed due to the increased 
temperature of the colder parts of the tube and 
some of the impurity will volatilize. Some will 
also come from the comparatively cold ends of 
the filament. Such impurities (particularly if 
they are alkaline in nature) may become 
positively ionized on striking the hot filament and 
would increase the positive ion current. As the 
temperature of the filament is increased, this 
“impurity current’’ would increase rapidly and 
would tend to increase the work function. 
Continued flashing at the higher temperatures 
would establish a new equilibrium, and the effect 
of the impurities should disappear. Such an 
effect due to impurities may account for the 
discrepancy between Smith’s and Barnes’ results 
on molybdenum. 


JUNE 15, 1934 


PHYSICAL REVIEW 


VOLUME 45 


Magnetically Self-Focussing Streams 


WILLARD H. BENNETT, Ohio State University 
(Received January 13, 1933) 


Streams of fast electrons which can accumulate positive ions in sufficient quantity to have 
a linear density of positives about equal to the linear density of electrons, along the stream, 
become magnetically self-focussing when the current exceeds a value which can be calculated 
from the initial stream conditions. Focussing conditions obtain when breakdown occurs in 
cold emission. The characteristic features of breakdown are explained by the theory. Failure 


of high voltage tubes is also discussed. 


INTRODUCTION 


LTHOUGH the focussing effect which re- 
sidual gas can have on low voltage electron 
streams due to the fact that the ions have much 
smaller velocities than the electrons freed by 
ionization of the residual gas, has been dis- 
cussed,' not much attention seems to have been 
given to the focussing effect on electron streams 
due to the effect of magnetic attractions between 
the parts of the stream. Calculation shows that 
such focussing can be very important at high 
voltages and the result explains some phenomena 
which occur in high voltage tubes, and which 
have never been satisfactorily explained. The 
result has a bearing on the phenomenon of 
breakdown in cold emission. 

How such focussing can take place can be 
seen qualitatively by considering a stream of 
high velocity electrons with velocity, u, all 
moving parallel to a direction which we may 
choose as the Z-axis, and positive ions moving 
with velocity, v, in the opposite direction. The 
density of electrons, positives, and residual gas 
are assumed to be small and collisions infrequent. 
The force acting between any two electrons has 
components? 

F,=E.; (1) 
where £,, E, and £, are the components of the 
force which would exist if the electrons were not 


! Johnson, J.O.S.A. and R.S.I. 6, 701 (1922) and Buchta, 
J.O.S.A. and R.S.I. 10, 581 (1925). 
*See Mason and Weaver, Electromagnetic Field, p. 299. 


moving, i.e., the familiar Coulomb force. The 
force acting between any two positives has 
components 


Fy’ =(1—-0°/2) Ey’; 


F/=E,'; (2) 


and the force between any electron and positive 


F,= (1+u0/)E,"; 


F."=E,"". (3) 


If the density of positives everywhere equals 
the density of electrons, the static attractions 
and repulsions cancel, but the additional mag- 
netic force in every case is an attraction so that 
the charge in every element of volume attracts 
the charge in every other element of volume. 
In a cylindrically symmetric stream which is of 
uniform composition along its length, and which 
is long compared with its diameter, the attraction 
between each small element of volume and any 
long thin element of the stream parallel to the 
axis, varies inversely as the radial distance from 
the first small element to the axis of the long 
thin element, and so the potential energy of the 
first small element is proportional to the integral 
of the logarithm of the radial distance to the 
various long thin elements of volume. 

The stream could not spread out indefinitely 
because in so doing, the potential energy of the 
stream would approach a logarithmic infinity. 
No single electron or positive could leave the 
stream indefinitely far because its individual 
potential energy would approach a logarithmic 
infinity. Hence positives in such a stream could 
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not leave it except by moving out of one of the 
ends, unless there were more positives than 
electrons, in which case, only enough would 
leave the stream to equalize the numbers of 
each kind of particle per unit length of stream. 

The hypothesis of positives at the same density 
as electrons is not so improbable of realization 
as might have appeared at first sight, both 
because the velocity of a positive is much smaller 
than that of an electron formed by the same 
collision, and also because the positives once 
formed in the stream have to pass down the 
stream clear to the end. An electron freed by 
the same collision that formed a positive, is 
acted upon by an attractive force which is much 
smaller than that acting on the high velocity 
electrons in the stream, as may be seen from 
the form of expressions (1). The force between 
the slow electron the Z-component of whose 
velocity is wu’, and each fast electron with 
velocity u, has components 


Since u’ is much smaller than u, the attractive 
force which is proportional to u-u’/c? is much 
smaller than the attractive force on a fast 
electron at the same position. A strong selection 
thus acts to allow the slow electrons so freed to 
leave the stream radially with whatever radial 
velocity they had after the collisions, rather 
than to allow them to expel the high velocity 
electrons. Especially in the case of high voltage 
streams in regions of low field in the direction 
of the stream will the stream tend to collect 
positives at high density. This hypothesis will 
be treated more in detail, later, after a much 
more definite and quantitative treatment has 
been given the problem. 


EQUILIBRIUM DISTRIBUTION 


It will be convenient for the later discussion of 
actual streams to describe first a special dis- 
tribution of the particles which is in dynamic 
equilibrium and which can be designated as the 
equilibrium distribution. This is to be a cylin- 
drically symmetric stream having the Z-axis as 
the axis of symmetry. The stream consists of 
electrons with velocity, u, in the positive Z- 
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direction, and positive ions having velocity, v, 
in the opposite direction. Superimposed on the 
relatively large velocity, u, the electrons are 
supposed to have a Maxwellian distribution of 
X- and Y-components of velocity so that to an 
observer moving parallel to the stream with a 
velocity, u, the number of electrons per unit 
length of stream with X-components of velocity 
between U and U+dU, and with Y-components 
between V and V+4dV/, is 


m m 
) - w+) 


where \, is the number of all electrons per unit 
length of stream, m is the mass of an electron, 
and 7; is a constant which would be called the 
temperature if the Z-components of velocity 
were also being considered. It can be called the 
temperature of the electrons if it is kept in mind 
that temperature in this discussion means the 
two-dimensional temperature so defined. The 
distribution of Z-components of velocity does 
not make any difference in this problem because 
small variations in the kinetic energies due to 
Z-components of velocity cannot affect appre- 
ciably the radial distribution of the particles in 
the stream. Similarly, the positives are supposed 
to have a Maxwellian distribution of X- and Y- 
components of velocity superimposed on the 
velocity, v, in the negative Z-direction, so that 
to an observer moving with a velocity, v, the 
number of positives with X-components between 
U and U+dU, and Y-components between V 
and V+¢dV/, is 


M 
) exe| - 
2kT2 


where \2 is the number of all positives per unit 
length of stream, M is the mass of a positive, and 
T2 is the (two-dimensional) temperature of the 
positives. 

Although collisions are assumed to be in- 
frequent, and hence no thermodynamical equi- 
librium is being approached, it can be shown* 
that a system of particles moving in a field where 
the potential energy of a particle is X(x, y), and 
having a distribution such that the number of 
particles between x and x+dx, y and y+dy, 


3 See Jeans, Dynamical Theory of Gases, p. 89. 
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z and z+dz and with velocities between U and 
U+dU, V and V+4dY//, is 


m 
exp | ———(U?+ |dx-dy-dz-dU-dV 
2kT 


will retain this distribution. The familiar deriva- 
tion of this expression‘ shows that this kind of 
distribution is retained in spite of collisions and 
so it is obvious that such a distribution is re- 
tained when collisions are negligible. 

A solution will now be obtained for a dis- 
tribution of electrons and positives each of 
which has this kind of distribution, and this will 
be called the equilibrium distribution. This name 
need not include any ideas concerning how this 
distribution was arrived at, provided this dis- 
tribution will be retained by the stream. 

To an observer moving along with the elec- 
trons, the density of electrons is 


P11 = (4) 


where pio is the density of electrons at a radial 
distance where the potential energy of an electron 
is zero. Similarly, to an observer moving along 
with the positives, the density of positives is 


By applying Poisson’s equation in the first 
instance, since 


Xy= = Vi 


where V, is the electric potential in the first 
system of coordinates, 


pute: pei], 


where p1; is the density of electrons in the first 
system of coordinates, and pe; is the density of 
positives in the first system of coordinates. 


Substituting from Eq. (4), 
par |/kT 11. (6) 


Analogously, on a second system of coordinates 
moving with a velocity, v, with the positives, 


V? log pu= 


V? Voo= piste: poe 
and substituting from Eq. (5) 
pi2]/RT 22, (7) 


where p22 is the density of positives in the second 
system of coordinates and pi: is the density of 
electrons in this system. Writing 


and 4re?/RT22= a2 


V? log po2=47e*[ p22 — 


the equations can be transformed to equations 


= kT 22, (5) in the rest system of coordinates® by writing 
p22=p2/Be, 
where 
and Eqs. (6) and (7) become 
V? log ]- pe, (8) 
V? log 1 —v?/c? ]- 1+ur/c?]- pi. (9) 


These are exactly the same equations as are arrived at, if, instead of using Poisson’s equation in 
each of two moving systems of coordinates, we calculate the potential energy of each of the two 
kinds of particle in the rest system of coordinates, using expressions (1), (2) and (3) for the forces 


between particles given in the Introduction, viz., 


R 


e- 


0 


4 The derivation usually includes the distribution in the 
Z-component of velocity, too, but since the potential 
function is not a function of z, the distribution in the 
Z-component of velocity cannot affect the density. 


$ 8A disct discussion of the relativistic transformation of 
density can be found in Eddington'’s Mathematical Theory 
of Relativity, p. 33, et seq. 
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where R is the radial distance from the axis at which the potential energy is zero. These can be sub- 
stituted in the Boltzmann expressions (4) and (5) (taking logarithms and derivatives to put the 
equations into the form of (8) and (9)) if we keep in mind that the temperatures in the rest system 


must be relativistically transformed from those in the moving systems by 


T2= T22 


because the two-dimensional temperatures used here are proportional to the transverse kinetic 
energies in which the mass and transverse velocities must be transformed. 

Since exactly the same equations are obtained regardless of which method of approach to the 
problem is used, even to the extent of being relativistically invariant, we are justified in using 
expressions (1), (2) and (3) for the forces on the particles in the later treatment of non-equilibrium 


cases. 
A particular solution of (8) and (9) is 


= po/ [1 +bpor? ? 


a8,[1— a2Be[ 1+uv/c? 


(10) 


where 
a1 a28 


(u+v)? 


This solution is of course relativistically invariant. 

If the ratio of the density of electrons to the 
density of positives in each of any two elements 
of volume in the stream, swept out by passing 
two small elements of cross-sectional area along 
the entire stream parallel to the axis, is greater 
than 

1+0/c 1—v/c 

or less than 
1—u/c 1+u/c 


it is seen from the application of expressions (1), 
(2) and (3) given for the forces between particles, 
in the Introduction, that the charge in any two 
such elements would repel and an equilibrium 
distribution with such ratios present is im- 
possible. Thus, although expressions (10), are 
only a particular solution, they are a very good 
approximation to the complete solution for the 
distribution when the velocities u and v are 
small compared with the velocity of light, c, 
and in fact no serious error will be introduced by 
setting the coefficient in Eqs. (10) equal to 
unity. This makes the approximate solution 


po/[1 +bpor’ f, 


re? (u+v)* 


be 


where 


(11) 


The number of either kind of particle per unit 
length of stream is 


]/e(u+v)? (12) 
and the current is 
]/e(u+v), 


which is rigidly fixed by the values of u, v, T; 
and 72. Thus an equilibrium distribution of the 
kind just described can exist only for one 
special value of the current. This will be desig- 
nated as the critical current. 


SOURCES AND DISTRIBUTIONS OF POSITIVES 


At electron velocities corresponding to po- 
tential drops of the order of 5000 volts and 
larger, the probability that a collision with a 
neutral molecule will result in ionization is to 
a good approximation (except when the velocities 
approach that of light) inversely proportional to 
the voltage of the primary electron.* The number 
of ions formed by each electron per centimeter 
of path from gases more apt to be present in 


tubes at moderately high vacuum, can be esti- 


See J. J. Thomson, Conduction of Electricity through 
Gases, Vol. 2, 3rd Ed., p. 96, et seq. 


= 
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mated at least for order of magnitude as 200p/ V, 
where p is the pressure in mm of mercury, and 
V is the potential of the electrons in e.s.u. If the 
current in e.s.u. in a stream of fast electrons is 7, 
the number of ions formed per centimeter length 
of stream, per second, is 200pi/Ve. If it is 
supposed that these ions are formed in a region 
having a uniform field intensity, EZ, the number 
of ions per centimeter length of stream coming 
from along the stream back a distance, d, is 


where M is the mass of an ion. For this to be 
equal to or greater than the number of fast 
electrons per centimeter _ of stream 


and so the pressure of the gas must be, approxi- 


mately 
p>2-10-"(VE/Wa)}, (13) 


where V and E are in volts, and volts per 
centimeter, respectively, and W is the molecular 
weight of the gas from which the ions are formed. 
If the actual gas pressure exceeds the value 
calculated from expression (13) for the con- 
ditions at any part of the stream, the number of 
positives per unit length of stream will exceed 
the number of fast electrons at that part of the 
stream. 

In addition to the residual gas as a source of 
ions, we must keep in mind that it has been 
found in numerous cases’ that large amounts of 
the anode material can be removed from the 
anode by high voltage streams. This necessarily 
increases the density of matter in the vicinity 
of the stream while large electron currents are 
passing. 

In order to see what is to be expected to be 
the kinetic energy of the positives after they are 
formed, some experiments by Ishino* can be 
considered in which it was found that when fast 
electrons are passed through a rarefied gas, the 
electrons freed in ionizations have transverse 
kinetic energies distributed so that about ninety 

7 Hull and Burger, Phys. Rev. 31, 1121 (1928); Snoddy, 
Phys. Rev. 37, 1878 (1931); Newman, Phil. Mag. 14, 712 


(1932); Bennett, Phys. Rev. 37, 590 (1931). 
8 Ishino, Phil. Mag. 32, 202 (1916). 
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percent of the electrons have energies less than 
forty volts and about ten percent have energies 
greater than this value. Since the rapidly moving 
ionizing electron acts on both the atomic electron 
and the rest of the atom during the same 
interval of time, the momentum given the two 
must be equal and opposite so at least ninety 
percent of the ions must have transverse energies 
less than 0.022/W electron-volts, where W is the 
molecular weight. If the ions are formed from 
residual gas at room temperature, their velocities 
are not greatly affected by ionization and the 
average kinetic energy is approximately the 
energy corresponding to that temperature. 

If positive ions are present at densities greater. 
than those of the high velocity electrons, only 
enough of the low velocity electrons freed in 
the formation of positives will move directly out 
of the stream, to leave an average charge density 
only slightly positive in the stream. The static 
focussing field which can be obtained in this way 
is a small field (order of magnitude of a few 
volts per centimeter) similar in nature to the 
focussing field characteristic of the low voltage 
streams in the presence of gas at much higher 
pressure, mentioned earlier.! 

If the positive ions have velocities much 
smaller than the fast electrons, as they do have 
except in extreme proximity to the cathode, it is 
apparent from the form of expressions (1), (2) 
and (3) that the excess of positive ions over the 
fast electrons, together with the neutralizing 
space charge of slow electrons, do not appreciably 
affect the motions of the fast electrons mag- 
netically and consequently have a_ negligible 
effect on the stream. Thus in any section where 
there are at least as many positives as fast 
electrons, we are concerned with the dynamics 
of a stream consisting of equal numbers of each 
kind of particle per unit length of stream. 


STABILITY 


In order to extend this treatment to streams 
under conditions apt to occur experimentally, a 
function whose value will increase as the particles 
spread out from the axis can be used as a 
criterion of how much the stream has spread : 


P= 
0 


|| | 
| 
| 
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A maximum possible value for this function can 
be calculated subject to the restriction that the 
potential energy of the stream per unit length 
of stream shall not exceed a value, H, which is 
the initial potential energy plus the sum of the 
kinetic energies due to components of velocity 
transverse to the axis, of all the particles. 
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Although the density of positives will not in 
general equal the density of electrons at all 
radial distances from the axis, the maximum 
spread occurs when the two densities are every- 
where equal, so that in order to find the 
maximum value of F, we can write the re- 
striction as 


0 0 


This calculation can be simplified by using as the independent variable, m, the total number of 
either kind of particle from the axis out to a radial distance, r, and letting the distance, r, be de- 


pendent on Then 


N 


N 
F=f r-dn and n- log (r/R)dn, 
0 0 


where g=e?(u+v)?/c? and N is the total number of either kind of particle per unit length of stream. 
In order to find the maximum spread, set 6| F+AH}=0, where ) is an arbitrary multiplier. This 
gives a distribution with uniform density p’ from the axis out to a radial distance, 7o, and zero 
beyond, where 

arep'=N; r=r(n/N)!. 


If the stream is initially distributed uniformly inside a radial distance from the axis, so, and has a 
total kinetic energy due to transverse components of velocity, K, which can be related to another 
constant, 7, by K=2N-kT, the maximum spread is a uniform distribution out to a radial distance, 


ro, given by 


i.e., 


c?-2-2kT 1 (14) 
N 
More than half of the particles must always lie 
nearer the axis than 1/2! times this value of ro. 

If the kinetic energy of the particles due to 
transverse components of velocity could be re- 
distributed among the particles so that the 
transverse components of velocity would have 
Maxwellian distributions, the (two-dimensional) 
temperature would be T given by K=2N-kT 
and the linear-density Xo of the stream which 
could have an equilibrium distribution such as 
given by Eqs. (12), can be substituted in ex- 
pression (14). Thus more than half the particles 
in the stream must always lie nearer the axis 
than a radial distance given by 


(So/2) = (59/24) 7, (15) 


(: dn+2N-kT 
n — -dn 


where 7 is the critical current (expression (12)) 
and J is the actual current. 

If half of the particles get outside this radial 
distance, all of the transverse velocities would be 
simultaneously reduced to zero which is ob- 
viously impossible. Thus this expression is an 
exaggerated outside limit of the radial distance 
inside which at least half of the particles must 
always remain. In fact, calculation of the 
directions in which most of the particles would 
begin to drift for several special distributions 
show that the ratio ip/J distinguishes between 
streams which begin to contract towards the 
axis, and those which begin to expand, the con- 
traction occurring when J > ip. 

From the form of expression (15), it is seen 
that if the actual current is one-tenth the critical 
current, the radial distance inside which at 
least half the particles must always remain, is 
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liable to increase to more than 10,000 times the 
initial value for the outer radius of the stream, 
which for most experimental cases means no 
observable focussing action. In this sense, it 
may be said that the critical current given by 
expression (12) rather sharply distinguishes be- 
tween streams which focus and those which do 
not. This critical current may be written as 


io=2.5-107/V', (16) 


where ip is in amperes, V is the potential through 
which the fast electrons have fallen, in volts 
(except in extreme proximity to the cathode), 
and 7 is in equivalent degrees absolute, and is a 
constant proportional to the total transverse 
energy of the stream per unit length. 


APPLICATIONS 


In an earlier communication,’ evidence was 
presented supporting the contention that break- 
down in cold emission is caused by positive ions 
liberated at the anode by small currents, and 
travelling back along the electron stream to the 
cathode. A difficulty with this idea is that even 
if positives do bombard the cathode in this way, 
still at such low densities they might be expected 
to eliminate any emitting areas where they 
strike, instead of producing them. Now this is 
just what has been observed to occur except 
when the current rises to above the order of 10-* 
amperes. It was not clear then why this order of 
magnitude of the current should be so critical 
in changing from elimination of emitting areas 
to severe rupture of the cathode surface. 

Focussing the positives on a small area of the 
cathode cannot be produced in the analogous 
way to the focussing of low voltage electron 
streams in gases at relatively higher pressures! 
by interchanging the rdles of positives and 
electrons, because the electrons are not pro- 
duced by the positives from the residual gas as 
would be required by that kind of explanation. 

On the other hand, if the current is mo- 
mentarily large enough to give magnetic self- 
focussing over any considerable part of the 
stream, the electrons towards the anode are 
brought nearer the axis by this focussing action, 
and then since the initial total energy of positives 


® Bennett, Phys. Rev. 40, 416 (1932). 
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in any part of the stream depends on the position 
with respect to the axis at which they were 
formed, and since bringing electrons nearer the 
axis in parts of the stream towards the anode 
reacts to decrease the total transverse energy of 
the stream per unit length in the central part 
where self-focussing conditions obtain, the effect 
of the magnetic self-focussing is to bring all 
particles nearer the axis over an increasingly 
long segment of the stream. In an analogous way, 
bringing the positives nearer the axis of the 
stream very near the cathode increases the 
emission from the part of the cathode delivering 
electrons along the axis, and this serves to 
decrease the total transverse energy per unit 
length in the central part of the stream. 

This kind of process can go on indefinitely 
provided only that conditions for magnetic self- 
focussing obtain over any segment of the stream 
long compared with its diameter. This kind of 
focussing results in concentrating the positive 
ion current at the cathode until the current 
density of the positive ions is a far higher order 
of magnitude than the value which is known to 
eliminate emitting areas instead of producing 
them. At these higher positive ion current 
densities, the positives would certainly be ex- 
pected to dig out the small craters which it is 
well known are produced during breakdown. 
In this way, we have an explanation of why 
the order of magnitude of current given by 
expression (16) distinguishes between breakdown 
and no breakdown. 

It seems probable that the entire process just 
described takes place in a very small interval of 
time (order of 10-* or 10~ seconds) after which 
the streams are no longer self-focussing, because 
the transverse energies of the electrons arising 
at the ragged edges of the crater are too great, 
or that the density of matter near the cathode 
rises to so high a value that collisions can no 
longer be neglected with respect to the dynamics 
of the stream. The point of the discussion has 
been to show that structural defects in the 
cathode surface are not necessary for treakdown, 
but that rather, we must look to stream con- 
ditions to explain the many characteristic fea- 
tures of breakdown. 

Any explanation of breakdown in cold emission 
to agree with experimental fact, should explain 
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the following general observations: (1) break- 
down is much more abrupt when the electrodes 
are unoutgassed than when they are outgassed,'? 
i.e., the rise of current to the maximum value 
permitted by the resistance in series with the 
source of potential is from an initially much 
lower value in the former than in the latter case; 
(2) the fineness of the polish on the surface of the 
cathode does not affect the value of the field 
intensity at which breakdown occurs" but only 
affects the fields at which the first small currents 
pass; (3) with unoutgassed electrodes, after 
breakdown has occurred, if a field intensity a 
little less than the field at which breakdown 
occurred is applied to the cathode, large sudden 
surges of current pass through the tube, similar 
in every observable respect to the surge of 
current which accompanied the original break- 
down, but the frequency of occurrence of these 
surges decreases with time; (4) breakdown can 
be prevented, or at least its severity greatly 
diminished either by outgassing the electrodes 
(both are necessary) or by increasing the re- 
sistance in series with the source of potential” to 
a value which will limit the maximum value to 
which the current can rise, to the order of 107% 
or 10~* or less; (5) before breakdown, the current 
is very erratic, rising abruptly, and dropping 
sometimes abruptly, and sometimes gradually ; 
these erratic fluctuations while the current is 
small occur at values of field much higher than 
the values of the field for the same order of 
magnitude of current after breakdown; but 
once the value of the current has increased to 
more than the order of 10-* amperes, the re- 
sistance of the tube decreases and the surface of 
the cathode becomes permanently altered to 
give much higher order currents at a given 
field than before; (6) when breakdown occurs, 
small flashes of light are observed both at the 
anode and at the cathode. 
__ 1 Millikan and Shackelford, Phys. Rev. 15, 239 (1920); 
Eyring, Mackeown and Millikan, Phys. Rev. 31, 900 
(1928); Bennett, Phys. Rev. 37, 582 (1931). 

1 Only superficial significance was given this fact on p. 
584 of the paper in Phys. Rev. 37, 582 (1931). 


® Unpublished work. See R. W. Mebs, Phys. Rev. 43, 
1058 (1933). 


The explanation which writers have usually 
used in the past, viz., that a particle of impurity 
or a piece of the metal of the cathode is torn 
bodily out of the cathode by the field, fails to 
explain the above observations, but their expla- 
nation in terms of the idea of magnetically self- 
focussing streams follows easily from the dis- 
cussion of streams already given. 

The theory of streams also explains the fact 
that even after electrodes have been fatigued or 
“conditioned” and are giving steady field-current 
characteristics, if the residual gas pressure is 
allowed to rise to the order of magnitude corre- 
sponding to expression (13) the current becomes 
unsteady, and the surges of current which pass 
can be prevented from entirely disfiguring the 
cathode only by increasing the resistance in 
series with the source of potential. 

The fact that the field intensity for breakdown 
in mercury obtained recently by Beams" agrees 
so well with the results of the writer for other 
metals with a similar arrangement of electrodes 
shows that surface impurities can at most only 
serve to give the first small electron currents, 
but that an entirely different explanation is 
necessary in order to explain breakdown. 

The theory of streams explains the fact that 
the experience with tubes to which extremely 
high potentials are applied’* has been that 
destructive cold emission occurs at fields of the 
order of 100,000 volts per centimeter, but that 
the application of fields of the order of 1,000,000 
volts per centimeter to surfaces prepared in the 
same way, but held at much shorter distances 
from the anode were found by the writer to be 
necessary to produce measurable emission. In the 
case of high voltage tubes, the longer distances 
and the higher voltages both aid in the formation 
of self-focussing streams. 

In conclusion, the writer wishes to thank 
Professor L. H. Thomas of this laboratory, for 
the very generous assistance which he has given 
in discussions of mathematical methods. 

J. W. Beams, Phys. Rev. 44, 803 (1933); Bennett, 
Phys. Rev. 37, 582 (1931). 

4 Lauritsen and R. D. Bennett, Phys. Rev. 32, 850 (1928); 
Breit, Tuve and Dahl, Phys. Rev. 35, 51 (1930); Lauritsen 


and Cassen, Phys. Rev. 36, 988 (1930); Lauritsen, Phys. 
Rev. 36, 1680 (1930). 
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Prompt fublication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 
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twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions ex- 
tressed by the correspondents. 


The Surface Ionization of Potassium on Tungsten 


According to a recent communication by Copley and 
Phipps,’ the efficiency of ionization of potassium by hot 
tungsten is considerably greater than corresponds to the 
modified Saha equation, when the constants in it are given 
their usually accepted values. This equation is 


kT |’ 


Va 1 Wa 


where v,/va is the ratio of the rates of evaporation of ions 
and atoms, r, and rf, are the reflection coefficients, w, and 
wa the statistical weights, e¢ the work function of the 
tungsten, and J the ionization potential of potassium. The 
value of (1—r,)/(1—ra) is usually assumed to be 1, 
w,/wa is },and J is 4.32 volts. The work function of tungsten 
was taken by Copley and Phipps to be 4.52 e.v. With these 
values of the constants they obtained theoretical values of 
v,/v_ only about half as great as those found experimentally. 

It was pointed out by Copley and Phipps that it would 
be possible to reconcile their results with the requirements 
of the theory by assuming (1—r,)/(1—ra) to have a value 
of about 2, instead of 1, so that it would cancel out the 
weight factor w,/w,. There is, however, an alternative 
way in which an apparently too high v,/v_ could be ac- 
counted for, namely, by assuming for ¢ 1m the operating 
range of temperatures values substantially higher than that 
corresponding to the slope of a Richardson line for tungsten. 
As the writer has pointed out elsewhere,” the decrease in the 
concentration of free internal electrons associated with 
thermal expansion must tend to make @ increase with 
temperature, and it may easily be shown that the order of 
the rate of increase due to this cause is the same as would 
account for the measured value of the constant A, assuming 
the transmission of electrons through the emitting surface 
to be practically perfect. 

The experimental range covered by Copley and Phipps 
extends, in round figures, from 1600° to 2500°K. Let us see 
what values of v/v. might be expected at both these ex- 
treme temperatures and also at some intermediate tem- 
perature, say 2000°K. The electron emissions obtained from 
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well-aged tungsten at 1600°, 2000° and 2500°K per ap- 
parent cm? of surface are 9.27X10~7, 1.00X10-* and 
2.9810"! amp., respectively. According to Tonks,’ the 
“roughness factor” for tungsten etched by heat treatment 
must be at least 1.225. We shall probably not be far wrong 
if we take a round 1.3 for this quantity. This would make 
the emissions per true cm? at the three temperatures 
7.131077, 7.6910 and 2.29107! amp., respectively. 
From these data it is a simple matter to calculate the ccr- 
responding values of @ on the assumption that the true A 
has the theoretical value for perfect transmission, namely, 
120 amp. cm~ degree~*. The values obtained in this way 
are 4.65, 4.68 and 4.72 volts, respectively. If these are now 
substituted in the modified Saha equation, (1—r,)/(1—re) 
being assumed equal to 1, values for »,/ve equal to 5.48, 
4.06 and 3.20, respectively, are obtained. The correspond- 
ing ionization efficiencies are 84.6, 80.2 and 76.2 percent, 
respectively. These are represented by the crosses in Fig. 1. 
It will be seen that they agree with the experimental 
results, which are represented by the circles, within what 
appear to be the limits of experimental uncertainty. 
A. L. REIMANN 
Research Laboratories of the 
General Electric Company, Ltd., 
Wembley, England, 
May 10, 1934. 


4 "7 J. Copley and T. E. Phipps, Phys. Rev. 45, 344 
(1934). 

2 Letter to be published shortly in Nature. 

8 L. Tonks, Phys. Rev. 38, 1031 (1931). 


New Band System in Nitrogen—an Addition and Correction 


Soon after writing a paper for this journal under the 
above title J received a letter from Professcr G. Herzberg 
of Darmstadt in which he gave another formula for the 
bands, and consequently a new interpretation for the initial 


electronic state. The formula given by Herzberg is 
13.93”) — (2345.160” — 14.4450’”) 


and the initial state is therefore the metastable A ° state. 
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I argued against this interpretation in my paper, but a 
little consideration showed me that the initial electronic 
level is the A *E level. I hesitated to make the major cor- 
rection on the proof that this change would require, and it 
is for that reason that I present the alternative arguments 
here. Furthermore, it will be of interest to compare the 
arguments given here with that presented in my paper. 

If we use Herzberg’s formula and extrapolate the vibra- 
tional levels of the upper state by the method of Birge and 
Sponer we obtain a value of 10.4 volts for the total energy. 
If we use my formula, the value is 9.3 volts. In either case 
the values obtained by extrapolation are too high if our 
experience with this method is a good criterion. If we as- 
sume that the initial level is the A *2 level, then Sponer’s 
value of 8.18 volts for this level must be lowered to 6.14 
volts and, as I pointed out in a paper in this journal,! 
the heat of dissociation of 9.4 volts which was obtained in 
that paper has to be lowered by the same amount, thus 
making the heat of dissociation 7.4 volts. Since A *= dis- 
sociates into a *S and a ‘D atom, its total energy should be 
9.8 volts. This is less than the calculated value of 10.4 volts, 
but that is what one would expect. If we assume that 
D(N:) is 7.9 volts then the total energy should be 10.3 
volts, and this agrees entirely too well with the 10.4 volt 
value obtained by extrapolation. 

If we assume that the initial level is a new triplet level 
which dissociates into two *S atoms, then its total vibra- 
tional energy should be either 1.2 or 1.7 volts depending 
on the choice of 7.4 or 7.9 velts for D(N2). The extrapola- 
tion yields 3.1 volts for this energy, and it is seen that this 
is more than twice as large as 1.2 and about 80 percent 
larger than the 1.8 volt value. In either case, the error 
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seems to be unusually large even for the extrapolation 
method. It seems therefore that the initial level is the A *2 
level. 

Another argument leads to the same conclusion. This new 
band system in gaseous N; corresponds to the ¢-system ob- 
served by Vegard in the luminescence of solid N».? In this 
system many more bands have been observed than in the 
gaseous system, and it was possible to calculate the average 
separations between the vibrational levels of the upper 
state. Nine pairs of bands originating on v’=5 and 6 gave 
an average difference of 1293 cm~ for these two vibra- 
tional levels. The average of the observed differences as 
taken from the first-positive band system for which the 
A *% level is the lower level is 1292 cm™. The difference ob- 
tained from the formula given in my paper is 1229 cm. A 
similar argument for the difference between v’=4 and 5 
gives an average of 1323 cm™ from 11 pairs of bands of the 
e-system, and an average of 1323 cm™ for this difference 
from the observed first-positive bands, and a calculated 
value of 1271 cm™ from my formula. It must be concluded 
therefore that the initial level is the A *E level and that the 
heat of dissociation of nitrogen is 7.4 volts. A discussion 
of the connection between this new value and the electron 
impact measurements of Lozier and of Tate, Smith and 
Vaughan has been given in a letter in these columns by 
Dr. Lozier. 

JoserpH KAPLAN 

University of California, at Los Angeles, 

May 18, 1934. 


1 Kaplan, Phys. Rev. 42, 100 (1932). 
2 Vegard, Zeits. f. Physik 75, 44 (1932). 


The Absorption Spectrum of Diatomic Arsenic 


A new system of some eighty absorption bands has been 
discovered in the spectrum of arsenic between 2200A, and 
2750A, which can be definitely assigned to the diatomic 
molecule. This includes the five faint fluorescence bands 
observed by Rosen! and tentatively ascribed to Ase. The 
whole system bears a striking resemblance to that of P:, 
investigated by Herzberg,? where AG” is about 750 cm™ 
and AG’ 470 cm™. A preliminary analysis gives for arsenic 
AG values that are about 420 cm for the lower and 270 
cm” for the upper state. The vibrational levels of both 
states converge very slowly. 

The emission spectrum of phosphorus is attributed by 
Herzberg to a 'Z,*+"'d,* transition, in which the upper 
potential curve is crossed by another, possessing a flat 
minimum and a lower heat of dissociation, which is either a 


3y,,* or a II, state. This causes predissociation in the upper 
and perturbation of the lower vibrational levels of the 'D,* 
state. The plot of the AG’ values of our arsenic bands shows 
a discontinuity at v’=4, which appears to represent per- 
turbation similar to that observed by Herzberg. 
G. E. 
A. MACFARLANE® 
Depart ment of Chemistry, 
University of California, 
Berkeley, California, 
May 18, 1934. 


1 Rosen, Zeits. f. Physik 43, 69 (1927). 

2 Herzberg, Nature 126, 239 (1930); Ann. d. Physik (5), 
15, 677 (1932). 

3 Commonwealth Fellow. 


Note on the Thermal History of the Earth 


In a previous paper! the problem of the cooling of the 
earth has been treated under the simplifying assumption 
that the surface of the earth is either permanently at 0° or 
that it radiates into a medium at 0°. 

The object of the present note is to amplify the treatment 
of the previous paper by taking into account the heat 
received from the sun. 


If \ designates the average value of the solar constant, 
defined as the amount of heat received from the sun at the 
surface of the earth per unit area per unit time during 
normal incidence, then the total average rate of heat from 


1 Lowan, On the Cooling of a Radioactive Sphere, Phys. 
-_ 769 (1933). This paper will be referred to as 
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the sun is Q=7R?). For the sake of simplicity, it may be 
assumed that the earth is subjected to a uniform flux of 
heat of magnitude Q/47R?=}/4. 

The function 7(r, ¢) must then satisfy the Eqs. (1), (2) 
and (3) of A.N.L., and the new boundary condition 


0T/dr+oT=r/4K=q (say) (4’) 
when K =coefficient of thermal conductivity and o =coef- 
ficient of heat transfer, and it is assumed that the sur- 


rounding medium is at 0°. 
If we make the substitution 


T(r, t)=q/o+0(r, t) (A) 


it is readily seen that the function v(r, ¢) must satisfy the 
Eqs. (1) and (3) of A.N.L. while (2) and (4’) become 


Lim o(r, t) =f(r) (2’) 
t0 
dv/dr+ov=0 (4”) 


The system (1), (2’), (3) and (4’’), is analogous with the 
system considered in A.N.L., and the solution of which is 
given by (21). If, for the sake of brevity, this solution is 
designated by @(r, ¢), the complete solution of the more 
general problem here considered is 
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T(r, t) 1 
‘ n= 
Rv.2+h(Rh+1) sin | +0(r, t), 


where the summation extends over the roots of the tran- 
scendental equation 


A cos AR+h sin AR=0 (B) 
and where h=o—1/R. 
With the aid of (B) we get 


Our solution thus finally becomes 
2(Rh+1) (h?+2,2)cos \,R sin 
th nay An{ RAZ+h(RA+1)} 


T(r, sat 1+ 


The expression in brackets is the correction term due to 
the heat received from the sun. 
ARNOLD N, Lowan 
Institute for Advanced Study, 
Princeton, New Jersey, 
May 21, 1934, 


The Azimuthal Effect of Cosmic Rays 


It seems of interest to note in view of the recent studies 
of cosmic rays, principally by T. H. Johnson,' A. H. Comp- 
ton,? and A. H. Compton and R. J. Stephenson,’ that 
certain unusual observed features of the rays follow im- 
mediately from rather simple theoretical considerations. 

It has been noted‘ that the observed state of rest of 
ionized calcium clouds in interstellar space guarantees that 
all such regions are field free and electrically neutral to a 
high degree of approximation. 

The observed neutral state can be demonstrated to be 
entirely stable in the following manner. Consider a closed 
region immersed in an electrically conducting space and 
suppose that the free charge inside the closed region is Q. 
Then employing Gauss’ theorem and noting that the 
current density across the boundary is the product of the 
conductivity ¢ and the electric field E we have 


—dQ/dt=of [E-dS=4r0Q whence 


and therefore the magnitude of the free charge will be 
reduced to 1/e its value in a time r=1/4a0. Now the 
density of radiation in interstellar space is appreciable and 
of course the pressure is very low so that a large fraction 
of all interstellar atoms are ionized. (For example, the 
interstellar calcium clouds are made up of ionized atoms.) 
It is therefore proper to employ the conductivity of an 
ionized gas in calculating the relaxation time 7. The con- 
ductivity an ionized gas is readily shown to be inde- 


pendent of pressure and is given by 
o 


where m is the mass of the conducting ion, e its charge and 
kT its thermal energy. Thus, upon substitution of numer- 
ical values, it is found that r=107 sec., where we have 
taken the worst possible conditions, i.e., assumed that the 
conducting ion is a heavy calcium ion and taken T at an 
improbably low value of 3°K. 

Thus, since a free electric charge in interstellar space 
will be neutralized in 10-8 sec., we conclude that all inter- 
stellar space is electrically neutral and therefore cosmic 
rays cannot be generated in such regions. 

It is further clear that ions, all of one sign, cannot 
traverse interstellar space and it is necessary that each ion 
have associated with it a neutralizing mate. Thus we have 
been led to insist that cosmic rays are essentially ion pairs.* 

Consider a typical stream of ions in space. If the positive 
ions (say) should move faster than the neutralizing negative 
ions it is clear that a separation of charge would result and 
the region would not be neutral. Further the electric field 
set up by the assumed separation of charge would retard 


1 Johnson, Phys. Rev. 43, 834 (1932); 44, 856 (1933); 
45, 569 (1934). 

2 A. H. Compton, Phys. Rev. 43, 387 (1933). 

3A. H. Compton and Stephenson, Phys. Rev. 45, 441 
(1934). 

4R. Gunn, Terr. Mag. and Atm. Elec. 38, 247 (1933). 
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the positive ions and accelerate the negative ions until 
they synchronized in velocity. We may therefore assert 
that the observed neutrality of space requires that equal 
numbers of positive and negative tons must traverse space with 
identical velocities. 

We think that this necessary state of affairs accounts for 
the observed predominance of positive cosmic-ray ions in 
the lower atmosphere, because if the velocities of any two 
ions are equal, both the kinetic energy and momentum are 
proportional to their respective rest masses. Thus if a 
primary cosmic ray is composed of a proton or calcium 
ion and an electron, then since the ratio of each velocity 
to that of light is the same, the ions will describe spiral 
paths in the earth’s magnetic field with effective radii 
proportional to their rest masses. Thus ion pairs entering 
the earth’s magnetic field will be torn apart (unless they 
happen to be separated by nearly atomic distances‘) and 
the electron will be bent toward the west at great altitudes 
and describe spirals of relatively small radius, but the 
positive component of the primary pair will have mo- 
mentum at least 1840 times that of the electron and it will 
be bent toward the east describing a spiral of correspond- 
ingly great effective radius. It is noteworthy, too, that the 
energy of the incoming positive ion is also very great 
compared to that of the associated electron and it will 
penetrate to greater depths. On both counts, therefore, the 
predominance of positive ions is to be expected at the 
earth's surface and, of course, the positive ions will have a 
maximum intensity from the west. 
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Rough calculations lead to satisfactory agreement with 
the observed azimuthal distribution if it is assumed that 
the incoming ion pairs are predominantly protons, or 
heavier ions neutralized in each case by an electron. (A 
positron-electron pair is definitely excluded because their 
masses are presumably identical.) 

The separation of charge resulting from the selective 
action of the earth’s magnetic field on the ion pairs pro- 
duces a terrestrial electric field in the high atmosphere which 
seems unimportant for cosmic rays but provides a mechan- 
ism for producing the auroral discharge if cosmic-ray-like 
ion pairs of lower energy are discharged from the sun in 
sufficient numbers. It has been shown that although the 
sun could not emit cosmic rays, it might produce great 
numbers of ion pairs of 10° e.v. energy’ and the above 
selective action appears adequate to describe the aurora in 
detail. 

The present conclusions are independent of any theory 
of the origin of cosmic rays and follow directly from their 
ionic nature and the observed neutrality of interstellar 
space. However, the author's theory of their origin which 
indicates that they are emitted from certain types of 
“blue” stars is consistent with the conditions here imposed 
and is in agreement with many addditional data.‘ 

Ross GUNN 

Naval Research Laboratory, 

Washington, D. C., 
May 31, 1934. 


Radioactivity Induced by Neutron Bombardment 


The experiments of Fermi! and Dunning (unpublished 
results on the induced §-particle emission from elements 
bombarded by neutrons) give added information concern- 
ing the nature of the nucleus. It leads to the idea that the 
ensemble of protons and neutrons forming the nucleus 
exert an appreciable force on the negative energy electrons 
within the nucleus and are thus capable of producing pairs 
—positron and electron. Whether this process occurs will 
depend on the value of the transition probability from the 
state in which the y¥-function represents the initial en- 
semble of protons and neutrons to that state in which the 
y-function represents the final ensemble of protons and 
neutrons together with a pair, positron and electron. 

Thus if we have a reaction in which the neutron is cap- 
tured by the element X,” and remains in that nucleus in an 
excited state, then through the possibility of the formation 
of a pair the following reaction can take place: the com- 
bination of the neutron with the positron to form a nuclear 
proton with the subsequent emission of the electron 
provided a transition is possible from the element 
(X+n),"*! to the element (X+)p4:""!. The possibility 
of this latter transition will depend on the value of the 
transition probability from the ¥-function representing the 
state (X¥+n),"*! to the y-function representing the final 
state (Y-+m),,."*! together with a free electron. The idea 


that the selection rules governing the transition probability 
are a determining feature in nuclear reactions has been 
developed previously by Fermi,? and Bramley.’ 

Only further experiments can decide whether the nuclear 
pairs are produced by the nuclear protons or whether the 
neutrons have the power themselves to produce pairs. 

These selection rules must be such that there cannot 
be more protons in the nucleus than neutrons, e.g., the 
series, H'D’T*He', These rules indicate that T* should 
have a very small chance of forming a pair with the sub- 
sequent formation of He* and the emission of a free electron 
whereas T® should react readily with neutrons to form He* 
with the emission of a free electron. Whether the excess 
energy will appear as energy of the free electron or as 
hard y-rays it is impossible to state. 

We shall take as our final example, the case of the 
neutron bombardment of carbon, The reaction C¢!*+-mo! 
—C,!"+N;"+ & is possible on this model but a radioactive 
reaction following the formation of Ce"C¢!*+-no'—+Ce" is 
improbable as C,"* cannot make a transition to another 
existing element with the emission of an electron. 


1 Fermi, Nature 133, 757 (1934). 

? Fermi, Zeits. f. Physik 88, 161 (1934). 

3 Bramley, Science 79, 160 (1934). 

‘Kemble and Present, Phys. Rev. 44, 1031 (1933). 
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The process by which the nuclear electron, formed as 
one entity of the pair, escapes from the nucleus, is difficult 
to imagine. It may be that the nuclear barrier for electrons 
is much lower than we have supposed: the calculations of 
Kemble and Present‘ on the fine structure of Ha indicate 
an effective nuclear radius of 5X 10-" cm; the calculations 
of the writer® on the formation of x-rays by high energy 
electrons lead to a similar conclusion; the reaction D?+ D? 
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—T*+H! requires an even larger effective collision radius 
to explain the rate of reaction. 
ARTHUR BRAMLEY 
Bartol Research Foundation 
of the Franklin Institute, 
May 31, 1934 


5 Bramley, Nature 133, 259 (1934). 


Artificial Radioactivity Using Carbon Targets 


It has been reported* and apparently substantiated?: * 
that when carbon is bombarded with protons a radioactive 
element is produced which has a decay-period exactly the 
same as that of the radioactive element produced when 
carbon is bombarded with deutons. As reported at the 
Washington Meeting of the American Physical Society, 
however, preliminary observations in this Laboratory 
showed that any effect produced by protons bombarding 
carbon was certainly less than one percent of that produced 
by deutons. A more refined measurement has now been 
made which shows conclusively that in the experiments in 
other laboratories the effect could have been produced only 
by deutons present as a contamination in the “‘proton”’- 
beam. The reaction originally reported, therefore, does 
not occur and the problem of accounting for an identical 
decay-period for the two cases does not exist. 

The experiment was performed as follows. An ionization- 
chamber 8 cm in diameter and 5 cm long was connected 
to an FP-54 amplifier, operated at a sensitivity of 1x 10~% 
ampere per millimeter, and arranged for photographic 
registration. A thin (0.01 mm) aluminum window was 
provided at the top of the chamber so that electrons and 
positrons could enter. Carbon disks (Acheson Graphite, 
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1 cm diameter and 1 to 2 mm thick) were first bombarded 
with either protons or deutons in the high-voltage tube 
and then removed and placed with the bombarded face 
against the ionization-chamber window. 

The results obtained when such a target was bombarded 
with deutons (total mass-two spot not more than 0.5 
microampere at about 1000 kv) is given in Fig. 1. The 
effect was great enough so that the measuring instrument 
could be run at one-one hundredth sensitivity, giving the 
smooth curve shown. After the first 6 minutes, the curve 
was accurately exponential, giving a half-life of 10.4 
minutes for the radioactive element produced. Although 
this agreement in the decay-period with those given by the 
previous workers might be taken as support for the 
radionitrogen hypothesis, we are not yet satisfied as to the 
identity of the elements involved or the reaction (re- 
actions?) occurring. 

The corresponding result obtained when a similar disk 
was bombarded with protons (mass one spot, two micro- 
amperes) is shown in Fig. 2. This trace was taken at full 

1 Cockcroft, Gilbert and Walton, Nature 133, 328 (1934). 


? Crane and Lauritsen, Phys. Rev. 45, 497-498 (1934). 
3 Anderson and Neddermeyer, Phys. Rev. 45, 653 (1934). 
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Fic. 2. Radioactivity from protons on carbon. 


sensitivity and, in spite of the raggedness of the trace at 
this extreme sensitivity, a displacement of the mean of 
about one centimeter could have been detected. This 
would be one-two thousandth of the effect measured in 
Fig. 1 and, since the proton-current used was four times 
the deuton-current, we may conclude that any effect 
produced by protons on carbon is less than one-eight 
thousandth of the effect produced by deutons. [Inci- 
dentally, this is additional evidence for the extreme purity 
of our proton-beam after magnetic analysis, as previously 
reported. 

The wide discrepancy between this’ result and those 
reported by the workers in Cambridge and Pasadena 
does not appear to us to be particularly surprising, since 
magnetic analysis evidently was not used in their experi- 
ments. While it is true that in the experiments at Pasadena 
residual contamination by deuterium would hardly be 
expected to amount to 10 percent or 20 percent of the 
total beam, it is quite possible that the total beam with 
deuterium flowing might contain only five to ten times as 
many deutons as with the deuterium-flow cut off. In some 


of our previous work we determined the yields of several 
efficient disintegration-processes by working for many 
days with no deuterium-flow, that is, using only the residue 
of deuterium left in the tube from previous runs. Further 
evidence that the percentage of deutons in the Pasadena 
experiments is much lower than estimated is given by 
the higher gamm-ray yields from carbon and beryllium 
we have observed.‘ 

We take great pleasure in expressing our gratitude to 
Professors Urey, Zanetti, and La Mer, of Columbia 
University, for the supply of deuterium which made these 
experiments possible. 

L. R. HAFstaD 
M. A. Tuve 
Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 
Washington, D. C., 
June 1, 1934. 


‘Hafstad, Tuve and Brown, Phys. Rev. 45, 746-747 
(1934). 


On the Limitations of the Theory of the Positron 


Ina recent paper! Dirac has suggested a further develop- 
ment of his theory of the positron. Dirac here considers the 
operators corresponding to charge and current density for 
a system of electrons in which nearly all the negative energy 
states are full, and shows that in the presence of an arbi- 
trary external electromagnetic field these operators may 
be divided into two terms: one of these is infinite, and 
depends on the field but not on the state of the electrons; 
the other is finite and determinate, and depends on the 
field and on the electron state. Dirac makes the suggestion 
that these second terms be regarded as giving the charge 
and current density of the electron-positron distribution 
(epd): i.e., that the formalism of his theory of the electron 
be modified by the subtraction from the operators for 
charge and current density of the infinite and _field- 
dependent terms. This modification leaves unaltered the 
Lorentz and gauge invariance of the theory and the validity 
of the conservation law for charge and current. Because, 
however, the way in which the operators are to be modified 
depends upon the value of the electromagnetic field, the 


method is not readily extended to take account of the field 
produced by the epd; on the other hand, it gives for the 
charge and current induced in the epd by an external field 
finite and definite results, and thus constitutes in this 
respect a true theoretical advance. 

In the further development of Dirac's suggestions one 
meets, however, with a curious difficulty, in that it is ap- 
parently impossible to find a consistent definition of the 
operators for the energy and momentum density of the epd. 
Dirac’s density matrix, of course, makes possible a com- 
plete formal definition of any operator, which one obtains, 
in analogy with the methods of the quantum mechanics, 
by taking the matrix product of the matrix corresponding 
to the variable in question and the density matrix. This is 
just what Dirac has done for the current density. If one 
carries this through for the energy momentum tensor of 
the epd, one finds in general that its divergence is not given 
by the Lorentz force with Dirac’s expressions for the 
charge and current. This is because the electromagnetic 


' P. Dirac, Proc. Camb. Phil. Soc. 30, 150 (1934). 
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potentials enter explicitly in the density matrix, and lead 
to the existence of non-Maxwellian forces. With this 
definition of the dynamical operators, one has thus to 
abandon either Dirac’s expression for the charge and 
current density or the validity of the conservation laws for 
energy and momentum. In particular one would not other- 
wise obtain consistent results, in computing on the one 
hand the induced charge density, and on the other the 
polarization energy, of the epd in an electrostatic field. 

The simplest way of obviating these difficulties is to 
modify the density matrix in a way which does not depend 
on the electromagnetic field strengths present: i.e., to 
subtract from the operator given by the Dirac theory of 
the electron the expressions for the state of the electron 
distribution in the absence of external fields, for which all 
negative states are full. This procedure leads directly to 
the theory of the positron as we have developed it. On 
this theory one finds a polarization of a vacuum by an 
electromagnetic field which is infinite, and which can only 
be rendered reasonably unambiguous by special conven- 
tions about the way in which the divergent expressions 
occurring are to be handled.* This theory is therefore not 
only unable in general to predict the reaction of the epd to 
its own field, but can make no unambiguous statements 
about the fields induced by the epd under the influence of 
a given external field. 

Nevertheless we believe that these difficulties in no way 
impair the limited validity of the theory of the positron, 
a validity which is limited to those questions which do not 
involve essentially the reaction of the electrons and 
positrons to their own radiation fields and thus does not 
extend to problems in which there are external fields whose 
frequency is of the order of the critical value mc*/e*. For 
at least insofar as the fields are themselves produced by 
electrons and positrons, the polarization of the epd mani- 
fests itself? in effects which are not unambiguously sepa- 
rable from the unknown effects of the radiation reaction of 
the particles. An instructive illustration of this may be 
found in the question of the fluctuations of the charge 
density of the epd, which was brought to our attention by 
Dr. Bloch. If we consider, for instance, the case of an 
empty epd in no external field, for which the expectation 
value of the charge density vanishes everywhere, we readily 
find that the expectation value of the square of the charge 
within any volume is infinite, corresponding to the fact 
that there are infinite fluctuations in the charge density. 
If we now ask in what measure it is possible to observe 
these fluctuations, we see that, to detect them, we must 
have an observing system (e.g., galvanometer) which will 
react in accordance with the electron-theoretic laws to 
electromagnetic fields of arbitrarily high frequency. If we 
admit that our instruments will not respond to waves of 
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frequency large compared to mc*/e®, then we see at once 
that the observed fluctuations in the charge density will be 
finite and small, and that the paradoxical predictions of 
the theory of the positron are quite without physical 
consequences. 

There exists the possibility, which is suggested by 
classical electron-theory, that we should have in the 
proton a particle which would respond in accordance with 
Maxwellian electrodynamic to waves of frequency far 
greater than mc*/e®, and that by its use the effects of the 
polarization of the epd could be separated from the 
problems of radiation reaction. There is, however, a grow- 
ing mass of experimental evidence that so simple a theory 
of the proton can hardly be correct, and which lends 
support to the view that the present electrodynamics will 
be inapplicable in all questions involving lengths of the 
order of e?/mc*. From this point of view the paradoxes of 
the theory of the positron would be inextricably connected 
with those of quantum electrodynamics, and the applica- 
bility of the two theories would be similarly limited. 

It must of course be remarked that the condition that 
in the field acting upon the charges there be no components 
of frequency of the order of mc*/e® or greater is a sufficient, 
but by no means a necessary condition for the applicability 
of present electrodynamics, for this condition is clearly 
not relativistically invariant. The necessary condition, as 
Bohr particularly has emphasized, is that there exist a 
coordinate system in which such high frequency com- 
ponents are absent, insofar at least as one may consequently 
neglect the reaction of the charges to their own field. On 
the other hand, it is not in general possible to infer that, 
if in a given Lorentz frame high frequency components 
appear, the reaction of the charges to the low frequency 
components is correctly given by the Lorentz force. It is 
for this reason that one need not regard as altogether 
cogent the arguments recently advanced by v. Weiz- 
saecker* for the validity of the theoretical formulae for 
the behavior of very high energy radiations in their passage 
through matter, formulae which are in fact very difficult 
indeed to reconcile with experiment. 

W. H. Furry* 
J. R. OPPENHEIMER 

Pasadena, 

June 2, 1934, 


2 Thus Peierls, to whom we are indebted for telling us 
of his results, has developed a method by which the 
polarization of the epd in an arbitrary electromagnetic may 
be computed in first order in a gauge and Lorentz invariant 
manner. 

3W. H. Furry and J. R. Oppenheimer, Phys. Rev. 45, 
245 (1934); pages 261-2. 

4L. F. v. Weizsaecker, Zeits f. Physik 88, 612 (1934). 

* National Research Fellow. 


A New Mode of Disintegration Induced by Neutrons 


The capture of a neutron followed by the ejection of an 
a-particle is now a well-known process in the disintegration 
of light nuclei. Thus in nitrogen this may be written: 

7N"+ on' = 
Using as a source of neutrons beryllium bombarded by 
3 MV deutons, which were accelerated in the Lawrence- 


Livingston! apparatus, I have photographed six examples 
of a disintegration in which the emitted particle is of 
smaller charge than an a@-particle and is probably a proton. 
The judgment is based on the character of the trace left 


1E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
608 (1934). 
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“in a Wilson cloud chamber by the disintegration, con- 
sisting of a short heavy track joined to a long thin track. 
The latter may equally well be a proton, a deuton or a 
nucleus of the newly discovered isotope of hydrogen ,H*; 
but, since protons are known to exist in light nuclei and 
to emerge as such in many types of disintegration, we 
shall assume these particles to be protons. 

To unravel the numerical relations in a disintegration 
fork one needs at least three facts; any three of the fol- 
lowing will do: the lengths of the two tines, the angle 
between them and the direction of motion of the incident 
neutron. It is greatly to be desired that all four be known, 
for the fourth fact can be used as a check on the reaction 
chosen to represent the transmutation. Here we know 
only the length of the tine attributed to the nucleus and 
the angle between the two tines. Scattering in the iron 
which forms part of the apparatus used to accelerate the 
deutons introduces chaos in the directions from which the 
neutrons arrive at the cloud chamber. The evidence to 
distinguish these forks from the usual ones must be got 
from an examination of their photographs. Several of these 
are shown in Fig. 1 along with some of the ordinary type 
for comparison. 

The cloud chamber contained both nitrogen and oxygen 
when the forks were photographed so that it is not possible 
to decide what reaction took place. Any of the following 
six may represent the fork: 


= 6C8+,H?, 

=6C?+,H3; 

gO" + on' =;N+,H!, 

=;N+,H?, 

The second and third possibility in each case have the 
abundance of the new nucleus in their favor. The first 
possibility involves the creation of ¢C™ or ;N" neither of 
which corresponds to a known isotope of these elements. 
However, Fermi® has been led to postulate reactions of 
this type (emission of a proton) to explain the chemical 
processes necessary to entrain the 8-ray activity induced 
in many elements by neutrons, so that it seems likely that 
sC™ or ;N' may emit an particle and return to the 
element originally struck by the neutron. Whether or not 
N or O is made radioactive by neutrons has not been 
conclusively established. If they are we shall have ex- 
changed a neutron for a proton and an electron with 
presumably no permanent alteration in the nucleus 

originally struck by the neutron. 

It is a pleasure to acknowledge the generous assistance 
given to me by Professor E. O. Lawrence in placing 


\\ laboratory facilities at my disposal, in discussions and in 


Fic. 1. Pairs of photographs of disintegration forks. 
Magnification about 0.6. 1, 2; 3, 4; 5, 6 are forks of the 
new type in which a proton is emitted instead of the usual 
a-particle. In 1, 2 the proton, proceeding from right to 
left hits the glass side wall of the chamber and in 3, 4 and 
5, 6 the proton, proceeding from left to right, hits the 
floor of the chamber before reaching the end of its range. 
7, 8; 9, 10 are pairs of photographs of the usual mode of 
disintegration. Attention is directed to the great difference 
in density of the short and long tracks in the first six 
pictures as compared to the last four. 


practical aid in these experiments. 
Franz N. D. Kurie* 
Radiation Laboratory, 
Department of ‘Physics, 
University of California, 
May 31, 1934. 


2E. Fermi, La Ricerca Scientifica, Anno V, Vol. I, 
March, April, 1934. 
* National Research Fellow. 
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MEETING OF MARCH 24, 1934 


HE first regular meeting of the Metro- 

politan Section was held in Room 401, 
Physics Laboratories, Columbia University, New 
York, New York on Saturday, March 24, 1934. 
Morning and afternoon sessions were held. The 
presiding officer was Professor G. B. Pegram, 
Chairman of the Section except during part of 
the afternoon when Dr. W. S. Gorton, Vice- 
Chairman, presided. 

About 200 were present at each of the sessions. 
Both sessions were devoted to invited papers 
except for two short intervals devoted to the 
election of officers for the next year. The fol- 
lowing were elected: 


H. C. Urey 
W. S. Gorton 
Elected Members of the Executive 

S. L. QuimBy 


G. P. HARNWELL 


Those who presented papers at the invitation 


of the Section, and their subjects, were as 
follows: 


Sloan’s Resonance Method of Producing High Voltages, 
F. M. Exner, Crocker Institute for Cancer Research. 
The Acceleration of Ions by Moving Electrical Fields, 

J. W. Beams, University of Virginia. 

Discussion of Professor Beams’ Method, W. S. Gorton, 
Bell Telephone Laboratories. 

Production and Measurement of Penetrating X-Rays, 
F. K. RicHTMYER, Cornell University. 

Experiences and Research with a 700 kv K-Ray Installa- 
tion, G. FAILLA, Memorial Hospital. 

The Technique of Focussed Ion-Beams Using Cascade 
Tubes and Electrostatic Generators, M. A. Tuve, 
Department of Terrestrial Magnetism, Carnegie Institu- 
tion of Washington. 

A Multi-Section X-Ray Tube, E. E. CHARLTON, Generai 
Evectric Company. 

Princeton Apparatus for Nuclear Disintegration, G. P. 
HARNWELL AND J. B. H. Kuper, Princeton University. 

Experience with a High Voltage Porcelain X-Ray Tube, B. 
CASSEN. 

A Compact Van de Graaff Generator, H. A. Barton, 
American Institute of Physics and D. W. MUELLER, 
Princeton University. 
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Of the earth’s crust, L. B. Slichter—286(A) 

Magneto-resistance of Bi films at low temperatures, C. 
T. Lane—733(L) 

Nonmetallic conducting films, S. Bloomenthal—122(A) 

Tension coefficient of single crystals, Zn and Cd, M. 
Allen—767(A) 

Of thin films, D. Roller, D. Wooldridge—119(L) 


Electromagnetic theory 

Cosmical electric fields, W. F. G. Swann—295(A) 

Derivation of equations, H. Bateman—721 

Electromagnetic forces and waves, F. W. Warburton— 
123(A), 765(A) 

Field equation modifications, V. Johnson, E. S. Akeley— 
128(A) 

Interior magnetic field in Fe, L. Alvarez—225(L), 566(A) 


Electromagnetic waves 


Of 1-1 cm wave-length, C. E. Cleeton, N. H. Williams— 
234 


Electron affinity 


Of He, Ne, CO, O2 and NHsz, N. E. Bradbury—287(A) 
Of Oo, W. W. Lozier—752(A) : 


Electron diffraction (see also Scattering of electrons, ions 
and molecules) 


Imperfection of crystal surfaces, L. H. Germer—293(A) 

In methane, ethylene and acetylene, A. L. Hughes, J. H. 
McMillen—123(A) 

By oxides of No, L. R. Maxwell, V. M. Mosley, L. S. 
Deming—293(A) 

By stibnite and galena, A. G. Emslie—43 

From vacuum-sublimated layers, K. Lark-Horovitz, E. 
M. Purcell, H. J. Yearian—123(A) 


Electron lenses; focussing 


Magnetic refocussing of electron paths, W. E. Stephens, 
A. L. Hughes—123(A); W. E. Stephens—513 

Two lens electron microscope, C. J. Calbick, C. J. 
Davisson—764(A) 
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Electron tubes (see Vacuum tubes) 


Electrons (see also Positive electrons) 
Acceleration to high energies, J. W. Beams, H. Trotter, 
Jr.—849(L) 
Magnetically self-focussing streams, W. H. Bennett—890 
Theory of electron and positive, W. H. Furry, J. R. 
Oppenheimer—245, 343(L); J. R. Oppenheimer— 
290(A) 


Electrons in gases 


Magnetically self-focussing streams, W. H. Bennett—890 
Motion near plane photo-electrode, A. M. Cravath— 
138(A) 


Negative ion formation, N. E. Bradbury—287(A) 


Electrons in metals 


Energy bands in metals, J. C. Slater—766(A), 794 

Energy states of conduction electron, H. W. B. Skinner, 
H. M. O’Bryan—293(A), 370 

Hall coefficients, theoretical and measured, K. K. Smith, 
N. A. Hedenberg—122(A) 

Metallic conduction, phenomena, E. Weber—740(A) 

Thermionic emission, J. A. Becker, W. H. Brattain—694 

Thermoelectric effects of the alkalis, A. Sommerfeld— 
65(L) 

-Widths of x-ray bands in solids, J. Rehner, Jr.—735(L) 

X-ray emission bands of metals, theory of forms, H. 
Jones, N. F. Mott, H. W. B. Skinner—379 


Electrons, positive (see also Positive electrons) 
From metals, E. Rudberg—764(A) 


In methane, ethylene and acetylene, A. L. Hughes, J. H. 
McMillen—123(A) 


Electrons, scattering of (see Scattering of electrons, ions 
and molecules) 


Electrons, secondary 

From complex targets, P. L. Copeland—763(A) 

From Au and Al, J. C. Turnbull, P. L. Copeland—763(A) 
Electrons, thermionic (see Thermionic emission) 
Electro-optical effects (see also Photoelectric effect and 

properties) 

Dispersion of the electro-optical Kerr effect in COs, G. G. 

Quarles—760(A) 
Electrostatics 
Spray electrification of liquids, S. Chapman—135(A) 


E/m 
Ions from heated salts, L. L. Barnes—751(A) 
Of positive electrons, J. Thibaud—781 


From the Zeeman effect, L. E. Kinsler, W. V. Houston— 
104, 134(A) 


Energy states of atoms 
Nuclear moment of Tl, L. A. Wills—883 
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Energy states of molecules 


Band spectrum of AlIH*+, G. M. Almy, M. C. Watson— 
871 


Band spectrum of CS, F. H. Crawford, W. A. Shurcliff— 
860 


Entropy 
Of No, CO and Hs, W. E. Deming, L. S. Deming—109 


Errata 

Inversion of doublets in alkali-like spectra, M. Phillips— 
428(L) 

Mass of the neutron, R. Ladenburg—495(L) 

Production of positives by nuclear y-rays, L. Nedelsky, 
J. R. Oppenheimer—283(L) 

Quantum statistics of almost classical assemblies, J. G. 
Kirkwood—116(L) 


Errors of measurement 
Statistical fluctuations, R. D. Evans, H. V. Neher—144 
Some statistical relations, W. E. Deming, R. T. Birge— 
767(A) 
Evaporation 
Of highly refractory substances, H. M. O’Bryan—288(A) 


Excitation of atoms and molecules 


Band spectrum of CS, F. H. Crawford, W. A. Shurcliff— 
860 


Faraday effect (see Magneto-optical effects) 
Ferro-magnetism (see Magnetic properties) 


Field currents 
Effect of a current through the emitter, J. E. Henderson, 
R. K. Dahlstrom—764(A) 
Effect of temperature, A. J. Ahearn—764(A) 


Fine structure (see Spectra, etc.; Hyperfine structure) 


Fluorescence 
Polarization of radiation, I. S. Lowen, G. Breit—120(L) 


Friction 
Internal friction and magnetization in Fe, W. T. Cooke— 
742(A) 


Gamma-rays (see also Radioactivity) 

From C bombarded by deutons, C. C. Lauritsen, H. R. 
Crane—345(L) 

Induced radioactivity in targets bombarded by deu- 
terium ions, L. R. Hafstad, M. A. Tuve—767(A) 

From Li bombarded by protons, C. C. Lauritsen, H. R. 
Crane—63(L) 

Probability of production of electron pairs, L. Nedelsky, 
J. R. Oppenheimer—136(A) 

Production of electron pairs of high energy, W. H. Furry, 
J. F. Carlson—137(A) 

From targets bombarded by deutons, L. R. Hafstad, 
M. A. Tuve, C. F. Brown—746(A) 
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Gases (see Kinetic theory) 


Gels 
Structure of rigid gels, W. O. Smith—748(A) 
Geophysics 
Age of pitchblende and uraninite, F. Western, A. E. 
Ruark—628 


Electrical resistivity of the earth’s crust, L. B. Slichter— 
286(A) 

Haloes and age of minerals, G. H. Henderson—216(L) 

Thermal history of the earth, A. N. Lowan—899(L) 


Gyromagnetization (see Magnetic properties) 


Hall effect 
Comparison of theoretical and measured coefficients, 
K. K. Smith, N. A. Hedenberg—122(A) 


High pressure phenomena 
Two new phenomena at very high pressure, P. W. Bridg- 
man—844(L) 


High voltage tubes and machines 

Acceleration of protons by electric impulses, J. W. Beams, 
L. B. Snoddy—287(A); W. T. Ham, J. W. Beams— 
746(A) 

Focussed ion-beams, M. A. Tuve, L. R. Hafstad, O. 
Dahl—768(A) 

Multiple acceleration of ions, E. O. Lawrence, M. S. 
Livingston—608 


Hyperfine structure (see also Nuclear moments and spin) 
Of F, F. W. Brown—289(A) 
Of F I, F. W. Brown, J. H. Bartlett, Jr.—527 
In La I, O. E. Anderson—132(A), 685 
In Pb II, J. L. Rose—748(A) 
Of Hg 45461, E. E. Boggs, H. W. Webb—561(A) 
In MoI, W land Cr I, N. S. Grace, K. R. More—166 
Nuclear moment of Al, F. W. Brown, R. K. Cook—731(L) 
Nuclear moment of Tl, L. A. Wills—883 
In solar spectrum, E. McMillan—134(A) 
In WI, K. R. More—132(A) 


Indetermination principles (see Mechanics, quantum, 
general) 


Instruments (see Methods and instruments) 


Intensities in spectra (see also Spectra, etc.) 
Of Ha and H6 in electrodeless discharge, O. Stuhlman, 
Jr., M. S. McCay—750(A) 
Heat and the intensity of Hg lines and bands, J. G. 
Winans—125(A) 


Ionization by electrons (see also Ionization potentials) 
Of CS:, H. D. Smyth, J. P. Blewett—752(A) 
Total ionization in Nz, G. A. Anslow—750(A) 
Townsend coefficients; additional data, F. H. Sanders— 
346(L) 


Ionization by positive ions (see also Ionization potentials) 


Proton currents from low voltage arc, E. S. Lamar, O. 
Luhr—287(A), 745(A) 


Ionization potentials 
Of CS., H. D. Smyth, J. P. Blewett—752(A) 
Of F II, F III, F IV, I. S. Bowen—82, 132(A) 
Of Ge V, As VI, Se VII and Sb VI, Te VII, P. G. Kruger, 
W. E. Shoupp—759(A) 
Of Fe II, J. C. Dobbie—76 
Of Pb II, L. T. Earls, R. A. Sawyer—748(A) 
Of Os I, W. Albertson—288(A), 304 
Of Ag II, W. P. Gilbert—747(A) 


Ionization by radiation 
y-ray ionization in gases at various pressures and fields, 
E. F. Cox—503 
Of liquid CS: by x-rays, F. L. Mohler, L. S. Taylor— 
762(A) 
In N2 at high pressures, S. Chylinski—309 


Ionization, thermal 
K on W, A. L. Reimann—898(L)_ , 


Ions in gases (see also Electrons in gases) 


Columnar ionization and saturation, D. Lyford, J. A. 
Bearden—743(A) 

y-ray ionization in gases at various pressures and fields, 
E. F. Cox—503 

Mass-spectrograph determination of the relative abun- 
dance of H,*O ina sample, O. Luhr, L. Harris—843(L) 


Ions, high speed 

Artificial radioactivity; deuton bombardment, M. C. 
Henderson, M.S. Livingston, E. O. Lawrence—428(L) 

Artificial radioactivity; production of positrons; deuton 
bombardment, H. R. Crane, C. C. Lauritsen—430(L) 

Focussed ion-beams, M. A. Tuve, L. R. Hafstad, O. 
Dahl—768(A) 

Multiple acceleration apparatus, E. O. Lawrence, M. S. 
Livingston—608 

Multiple acceleration of ions, J. W. Beams, L. B. Snoddy 
—287(A), W. T. Ham, J. W. Beams—746(A) 

Used in production of neutrons, H. R. Crane, C. C. 
Lauritsen, A. Soltan—507 


Ions, mobility (see also Ions in gases) 
Pb ions in crystals of PbSO,, I. M. Kolthoff, C. Rosen- 
blum—341(L) 


Isotopes 

Abundance of Li isotopes, G. P. Harnwell, W. Bleakney 
—117(L) 

Detection of H’, M. A. Tuve, L. R. Hafstad, O. Dahl— 
746(A); G. P. Harnwell, H. D. Smyth, S. N. Van 
Voorhis, J. B. H. Kuper—769(A) 

Doublet separation of H'a and H*a, R. C. Gibbs, R. C. 
Williams—221(L) 

H*, Raman spectrum, R. W. Wood—732(L) 

H?, x-ray absorption, D. K. Froman—731(L) 

H’, abundance, by mass-spectrograph, W. W. Lozier, 
P. T. Smith, W. Bleakney—655(L) 

H3, detection in high voltage H* beams, M. A. Tuve, L. 
R. Hafstad, O. Dahl—840(L) 
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H’, production in gas discharge, G. P. Harnwell, H. D. 
Smyth, S. N. Van Voorhis, J. B. H. Kuper—655(L) 

Isotope displacement in W 1, K. R. Moore—132(A) 

Isotope shift, Mg I spectrum, R. F. Bacher, R. A. 
Sawyer—125(A) 
Mass of He’, C. C. Lauritsen, H. R. Crane—550(L) 
Mass-spectrograph determination of the relative abun- 
dance of H? in a sample, O. Luhr, L. Harris—843(L) 
Of MgF band spectra, F. A. Jenkins, R. Grinfeld— 
133(A), 229 

Number of actinouranium isotopes, A. E. Ruark, F. 
Western—69 

OH isotope bands, R. W. Shaw, R. C. Gibbs—124(A) 

Prediction, J. H. Bartlett, Jr.—847(L) 

Ratio O'*/O8, W. R. Smythe—299 

Refractive index and density of H*,O, D. B. Luten, Jr.— 
161 

Separation of H isotopes, H. C. Urey, M. H. Wahl— 
566(A) 

Of Si, relative abundance, band spectrum, A. McKellar— 
761(A) 

Spectra of acetylene containing H?, H. M. Randall, E. F. 
Barker—124(A) 

Test for H* and O*%, W. Bleakney, A. J. Gould—281(L) 

TiO isotope bands; search for, H. P. Knauss, H. M. 
Strong, H. L. Johnston—124(A) 

Ultraviolet spectrum of H'H?, C. R. Jeppesen—480 

Vapor pressure of deuterium, F. G. Brickwedde, R. B. 
Scott, H. C. Urey, M. H. WahI—565(A) 

Vapor pressures of the H isotopes, R. B. Scott, F. G. 
Brickwedde, H. C. Urey, M. H. Wahl—762(A) 

Various properties of H isotopes, W. Bleakney—762(A) 


Kerr effect (see Electro-optical effects) 


Kinetic theory of gases 
Entropies of N», CO and He, W. E. Deming, L. S. Dem- 
ing—109 
Thermodynamic properties of He gas, J. R. Roebuck, 
H. Osterberg—332 


Liquids 
Float type fluid meter recording, J. Razek—563(A) 
Spray electrification, S$. Chapman—135(A) 


Structure of benzene and cyclohexane, H. K. Ward— 
562(A) 


Magnetic moment (see Nuclear moments and spin) 


Magnetic properties 

Ammonium bicarbonate, A. Mookherjee—844(L) 

Barkhausen discontinuities; propagation in Ni-Fe alloys, 
R. E. Reinhart—342(L), 420 

Barkhausen effect and discontinuities in resistance, C. W. 
Heaps—320 

Bitter’s powder patterns, K. J. Sixtus—565(A) 

Crystaldiamagnetism of Bi crystals, A. Goetz, A. B. 
Focke—136(A), 170 

Crystalline electric fields and susceptibility of cupric 
salts, O. M. Jordahl—87 


Distribution of ferromagnetism among metals, D. R. 
Inglis—128(A) 

Of Fe-CO crystals, L. W. McKeehan, J. W. Shih—742(A) 

Ferromagnetism and magnetization of imperfect crys- 
tals, F. Bitter—742(A) 

High permeabilities in H-treated Fe, P. P. Cioffi— 
742(A) 

High permeability; heat treatment in magnetic field, R. 
M. Bozorth, J. F. Dillinger, G. A. Kelsall—742(A) 
Hysteresis at low flux densities, W. B. Ellwood—743(A) 
Internal friction and magnetization in Fe, W. T. Cooke— 

742(A) 

Magnetization in rotating monocrystal of Si-Fe, dis- 
continuous changes, L. W. McKeehan, R. F. Clash, Jr. 
—839(L) 

Magneto-resistance of Bi films at low temperatures, C. 
T. Lane—733(L) 

Mechanical model for hysteresis, F. S. Goucher—743(A) 

Of pyrrhotite, D. R. Inglis—118(L) 

Reversal nuclei in magnetic propagation, K. Sixtus— 
768(A) 

Of Rochelle salt, C. T. Lane—66(L) 

Stern-Gerlach experiment with Fe, W. Klabunde, T. E. 
Phipps—59 

Thecretical magnetization for Fe and Fe alloys, T. D. 
Yensen—743(A) 

Magneto-optical effects 

Detection of vitamin A by Allison method, G. M. 

Wissink, J. W. Woodrow—126(A) 


Test of magneto-optic method of chemical analysis, F. 
G. Slack, J. A. Peoples, Jr.—126(A) 


Mass-spectrograph (see also Methods and instruments) 

Automatic recording, P. T. Smith, W. W. Lozier, W. 
Bleakney—761(A) 

Detection of H*, M. A. Tuve, L. R. Hafstad, O. Dahl— 
746(A); G. P. Harnwell, H..D. Smyth, S. N. Van 
Voorhis, J. B. H. Kuper—769(A) 

Determination of the relative abundance of H? in a 
sample, O. Luhr, L. Harris—843(L) 

High intensity mass-spectrometer, W. R. Smythe, L. H. 
Rumbaugh, S. S. West—220(L), 724 

Insulating films; electron and ion bombardment, R. 
Lariviere Stewart—488 

Isotopic ratio in O, W. R. Smythe—299 

Test for H® and O", W. Bleakney, A. J. Gould—281(L) 


Mean life 
Of the 7°S' state of Hg, A. C. G. Mitchell, E. J. Murphy 
—759(A) 
Measurements (see Methods and instruments) 
Mechanics (see Dynamics) 


Mechanics, quantum-atomic structure and spectra 
Dirac vector model in complex spectra, J. H. Van Vleck 
—-405 
Dirac vector model; several configurations, R. Serber— 
461 
Electrostatic interaction, R. F. Bacher, S. Goudsmit— 
767(A) 
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Mechanics, quantum—general 

Distribution of ferromagnetism among metals, D. R. 
Inglis—128(A) 

Elastic waves and motion of electrons in force fields, 
R. B. Lindsay—560(A) 

Indeterminacy relations, F. E. White, R. B. Lindsay— 
560(A) 

Levi-Civita’s wave equation, B. Hoffmann—289(A) 

Numerical solution of Schroedinger’s equation, G. E. 
Kimball, G. H. Shortley—815 

Photoelectric effect for high energy quanta, H. Hall— 
216(L), 620 

Of positron, W. H. Furry, J. R. Oppenheimer—903(L) 

Rotation in polyatomic crystals, H. H. Nielsen—127(A) 

Separable systems in Euclidean 3-space, L. P. Eisenhart 
—427(L) 

Solution of eigenvalue problems in any number of 
dimensions, G. E. Kimball, G. H. Shortley—560(A) 


Mechanics, quantum—molecular structure and spectra 


Rotation vibration coupling in diatomic molecules, C. L. 
Pekeris—98 


Mechanics, quantum—of solid bodies ' 
Conduction electrons and x-ray emission bands, H. 
Jones, N. F. Mott, H. W. B. Skinner—379 
Energy bands in metals, J. C. Slater—794 
Magnetic and gyromagnetic properties of pyrrhotite, D. 
R. Inglis—118(L) 


Mechanics, statistical 
Almost classical assemblies, J. G. Kirkwood—116(L) 
Transport phenomena in Einstein-Bose and Fermi- 
Dirac gases, E. A. Uehling—766(A) 


Metals (see also Crystalline state; Electrons in metals) 
Energy bands, electronic, J. C. Slater—794 
Magneto-resistance of Bi films at low temperatures, C. 

T. Lane—733(L) 
Widths of x-ray bands in solids, J. Rehner, Jr.—735(L) 


Metastable atoms and molecules 
Emission and absorption from 2°P) in Hg in presence of 
No, M. L. Pool, O. W. Prashun—124(A) 
States in N2, J. Kaplan—675 


Meteorology 


Branching of lightning; polarity of thunderclouds, J. C. 
Jensen—296(A) 

Ionization near ground during thunderstorms, G. R. 
Wait, A. G. McNish—750(A) 

Kennelly-Heaviside layer measurements, H. RK. Mimno, 
P. H. Wang—291(A) 

Maintenance of the earth’s electrical charge, R. Gunn— 
291(A) 


Methods and instruments 


Absolute x-ray intensities, G. L. Locher, D. P. LeGalley 
—292(A) 

Acceleration of protons by electric impulses, J. W. 
Beams, L. B. Snoddy—287(A); W. T. Ham, J. W. 
Beams—746(A) 


a-particles ejected from solids, R. D. Evans—29, 136(A) 

a-ray source for cloud chambers, C. T. Knipp—744(A) 

Alternating-current method of determining critical po- 
tentials, R. W. Hickman—287(A) 

Al coating of mirrors, J. Strong—769(A) 

Arcs in ionization chambers, R. D. Bennett —491(L) 

Artificial production of neutrons, H. R. Crane, C. C. 
Lauritsen, A. Soltan—507 

Automatic comparator and wave-length reducer for 
spectrograms, G. R. Harrison—760(A) 

Columnar ionization and saturation, D. Lyford, J. A. 
Bearden—743(A) 

Composition of oxide-coated cathodes by x-rays, W. P. 
Jesse—563(A) 

Cosmic-ray recording meter, A. H. Compton, E. O, 
Wollan, R. D. Bennett, A. W. Simon—758(A) 

Detection of nuclear disintegration products, H. A. 
Barton, D. W. Mueller—650(L) 

Disintegration of sputtered deposits, E. A. Johnson, L. 
Harris—288(A), 630 

Double-coated Schumann films; visible and ultraviolet, 
H. P. Knauss, R. V. Zumstein—124(A) 

Doublet separations with a Fabry-Perot interferometer, 
W. V. Houston—132(A) 

Electrical latent image, V. K. Zworykin—564(A) 

Electromagnetic 1-1 cm waves, C. E. Cleeton, N. H. 
Williams—234 

Evaporation of highly refractory substances, H. M. 
O’Bryan—288(A) 

Filter method for measuring width of Compton line, E. 
O. Wollan—755(A) 

Float type fluid meter; recording, J. Razek—563(A) 

Focussing electron beams, J. Thibaud—781 

Graphical method for obtaining optical constants, R. 
Tousey—562(A) 

Gratings on Michelson interferometer, B. P. Ramsay— 
296(A) 

Grid controlled Hg vapor rectifier, P. H. Craig—563(A) 

High precision supersonic data, H. L. Yeagley—749(A) 

Insulating films, electron and ion bombardment, R. 
Lariviere Stewart—488 

Integrating a-ray photometer for x-ray crystal analysis— 
G. J. Mueller—762(A) 

Ions from heated salts, L. L. Barnes—751(A) 

Low noise amplifiers, G. L. Pearson——740(A) 

Magnetic refocussing of electron paths, W. E. Stephens, 
A. L. Hughes—123 (A); W. E. Stephens—513 

Magnetometer for crystal ferromagnetism, L. W. 
McKeehan, J. W. Shih—742(A) 

Magneto-optic method of chemical analysis, F. G. Slack, 
J. A. Peoples, Jr.—126(A); G. M. Wissink, J. W. 
Woodrow—126(A) 

Magnetostrictive oscillation of Chladni plates, R. C. 
Colwell, E. A. Bryant—291(A) 

Magnetostrictive phonograph reproduce;, S. A. Bucking- 
ham—291(A) 

Magnetron oscillator, improved, E. G. Linder—656(L) 

Mass-spectrograph, automatic recording, P. T. Smith, 
W. W. Lozier, W. Bleakney—761(A) 


i 


ANALYTIC SUBJECT INDEX 927 


Mass-spectrometer of high intensity, W. R. Smythe, L. 
H. Rumbaugh, S. S. West—220(L), 724 

Measurement of temperature of sound fields, E. A. 
Johnson—641 

Measuring emission from thermionic cathodes, C. G. 
Found—519 

Mechanical model for hysteresis, F. S. Goucher—743(A) 

Multiple acceleration of ions to high speeds, E. O. Law- 
rence, M. S. Livingston—608; W. T. Ham, J. W. 
Beams—746(A) 

For observing solar corona without eclipse, A. M. 
Skellett—649(L) 

Piezoelectric resonators, space-charge effects, W. G. 
Cady—740(A) 

Power-factor bridge measurements, J. C. Balsbaugh— 
286(A) 

Proton currents from low voltage arc, E. S. Lamar, O. 
Luhr—287(A), 745(A) 

Proton source for disintegration experiments, S. N. Van 
Voorhis, J. B. H. Kuper, G. P. Harnwell, 492(L) 

Radiation characteristics of oxide cathodes, W. T. Millis, 
E. F. Lowry—674(A) 

Radiation intensity, absolute measurement, J. D. Hardy 
—740(A) 

Rotating flashometer, W. E. Forsythe, M. A. Easley— 
127(A) 

Sealing fluorite window to glass, F. Palmer, Jr.—556(L) 

Sealing metals to glass, A. W. Hull—285(A) 

Separation of H isotopes, H. C. Urey, M. H. Wahl— 
566(A) 

Servo-mechanisms, H. L. Hazen—286(A) 

Shape, wave-length and width of an x-ray absorption 
limit, F. K. Richtmyer, S. W. Barnes—754(A) 

Spectral distribution of photoflash lamp, W. E. Forsythe, 
M. A. Easley—123(A) 

Spectrum of Rb in Hg arc, I. A. Balinkin, D. A. Wells— 
124(A) 

Statistical fluctuations, applications, R. D. Evans— 
137(A); R. D. Evans, H. V. Neher—144 

Talbot's law for barrier-layer photo-cells, P. R. Gleason 
745(A) 

Temperatures of gases from intensities of band spectra, 
O. Oldenberg—291(A), 738(A) 

Time constants of W lamps, W. E. Forsythe, M. A. 
Easley—740(A) 

Transmission of fluorite in ultraviolet; photoelectric, 
W. M. Powell, Jr.—154 

Transmittancy determined by the Hilger rotating sector- 
photometer, A. Dingwall, R. G. Crosen, H. T. Beans— 
128(A) 

Tube with variable mu grid, W. Dehlinger—563(A) 

Tubes for G-M Counters, L. Fussell, Jr., T. H. Johnson— 
294(A) 

Two-stage oil diffusion pump, J. E. Henderson—768(A) 

Ultracentrifuge, improvements, E. G. Pickels—748(A) 

Variation of elastic moduli with temperature, L. Bala- 
muth—715 

Wilson cloud chamber with long time of sensitivity, J. A. 
Bearden—758(A) 


X-ray line shapes by double crystal spectrometer, L. P. 
Smith—754(A) 


X-ray tube, shielded filament, E. Dershem—756(A) 


Mobility of ions (see Ions, mobility) 
Molecular beams (see Atomic and molecular beams) 
Molecular structure and constants (see also Spectra, 


molecular; Raman spectra) 

Of acetylene containing H*, H. M. Randall, E. F. Barker 
—124(A) 

Band spectrum of AIH*, G. M. Almy, M. C. Watson—871 

Band spectrum of CS, F. H. Crawford, W. A. Shurcliff— 
860 

Ethylene, moments of inertia and shape, ik. M. Badger— 
648(L) 

Internuclear distances and bond force constants, R. M. 
Badger—559(A) 

L-Uncoupling in LiH, F. H. Crawford, T. Jorgenson, 
Jr.—737(A) 

Motions of a chain of four atoms, L. S. Kassel, C. W. 
Montgomery—766(A) 

Noe, heat of dissociation, W. W. Lozier—840(L) 

Normal modes of vibration of benzene, E. B. Wilson, Jr. 
—706 

Of oxides of No, L. R. Maxwell, V. M. Mosley, L. S. 
Deming—293(A) 

Potential minima and torsion oscillation, T.-Y. Wu— 
66(L) 

Rotational Raman spectrum of N,O, D. Bender—732(L) 

Of triatomic molecules, A. V. Bushkovitch—545 

Vibrational isotope effects in three-particle systems, A. 
Adel—56 

Vibrational levels of HCN, A. Adel, E. F. Barker—277 


_ Vibrations of tetrahedral pentatomic molecules, J. E. 


Rosenthal—538, 766(A) 


Wave-mechanical treatment of Lix,, H. M. James— 
737(A) 


Multiplets (see also Spectra, atomic) 


Relative transition probabilities, C. W. Ufford, F. M. 
Miller—759(A) 


Neutrons 


Artificial production, H. R. Crane, C. C. Lauritsen, A. 
Soltan—507 

From B, T. W. Bonner, L. M. Mott-Smith—554(L) 

Collisions with atomic nuclei; cross-section area, T. W. 
Bonner—601 

From disintegration of Be, H. R. Crane, C. C. Lauritsen 
—226(L) 

Disintegration induced by, F. N. D. Kurie—904(L) 

From disintegration of Li by H*, C. C. Lauritsen, H. R. 
Crane—550(L) 

Emission and scattering; collision cross section, J. R. 
Dunning—586 

From F, energy distribution, T. W. Bonner, L. M. Mott- 
Smith—552(L) 

From F and Be, T. W. Bonner—425(L) 

Interaction and mass, E. Feenberg—649(L) 

Interaction with protons, R. M. Langer—137(A) 


i] 
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Neutrons (continued) 
Mass, R. M. Langer—137(A); H. H. Goldsmith, V. W. 


Cohen—850(L); M. A. Tuve, L. R. Hafstad—65i(L) 

Mass from disintegration of deutons, G. N. Lewis, M. 
S. Livingston, N. C. Henderson, E. O. Lawrence— 
242, 497(L) 

Mass of neutron and stability of H?, R. Ladenburg— 
224(L), 495(L) 

Models of electrostatic neutron, H. Margenau—559(A) 

Production by impact of 3Mv deutons, E. O. Lawrence, 
M. S. Livingston—220(L) 

Radioactivity induced by, A. Bramley—901(L) 

Scattering by light elements, J. R. Dunning, G. B. 
Pegram—768(A) 

Search for neutrons with 6-rays, G. H. Denison—557(L) 

Spectrum from Rn-Be, J. R. Dunning, G. B. Pegram— 
295(A) 


Nuclear moments and spin (see also Hyperfine structure) 


Of Al, F. W. Brown, R. K. Cook—731(L) 

Of deuterium, band spectra, G. M. Murphy, H. Johnston 
—550(L), 761(A) 

Of the deuton, I. I. Rabi, J. M. B. Kellogg, J. R. Zachar- 
ias—769(A) 

Of the deuton, Stern-Gerlach experiment, I. Estermann, 
O. Stern—761(A) 

Of F, F. W. Brown, J. H. Bartlett, Jr.—527 

Of H?, R. M. Langer—137(A), G. M. Murphy, H. Johns- 
ton—550(L) 

Magnetic moment of the neutron, D. R. Inglis, A. Landé 
—842(L) 

Of Mo and W, N. S. Grace, K. R. More—166 

Of the proton, Stern-Gerlach experiment, I. I. Rabi, J. 
M. B. Kellogg, J. R. Zacharias—761(A) 

Of Na, J. Joffe—468 

Of Tl, L. A. Wills—883 

Used to determine properties of the H isotopes, W. 
Bleakney—762(A) 


Nuclear structure 
H2+H*—He'*+n!, H. H. Goldsmith, V. W. Cohen— 
850(L) 


Nucleus (see also Disintegration of nucleus) 


Of B, resonance levels, T. W. Bonner, L. M. Mott- 
Smith—554(L), E. Pollard—555(L), 746(A) 

Emission and scattering of neutrons; resonance levels, J. 
R. Dunning—586 

Excitation and disintegration of protons, R. M. Langer— 
495(L) 

Field near a-particles, J. A. Wheeler—746(A) 

F, disintegration, energy of neutrons, T.-Y. Wu—846(L) 

Of F, resonance levels, T. W. Bonner, L. M. Mott- 
Smith—552(L) 

_ HH, production from H?, G. P. Harnwell, H. D. Smyth, 

S. N. Van Voorhis, J. B. H. Kuper—655(L) 

Magnetic moment of the neutron, D. R. Inglis, A. Landé 
—842(L) 

Method of detecting disintegration products, H. A. 
Barton, D. W. Mueller—650(L) 


Nature of the high energy particles of penetrating radia- 
tion and status of ionization and radiation formulae, 
E. J. Williams—729 

Negative protons and nuclear structure, G. Gamow— 
728(L) 

Nuclear energies; Al and Be, H. A. Wilson—430(L) 

Prediction of isotopes, J. H. Bartlett, Jr.—847(L) 

Resonance levels and atomic number, E. Pollard— 
218(L) 


Optical constants and properties 

Dispersion of the electro-optical Kerr effect in CO2, G. G,. 
Quarles—760(A) 

Dispersion in No, C. E. Bennett—200, 288(A) 

Double refraction of. normal aliphatic acids, A. King— 
562(A) 

Graphical method for obtaining optical constants, R. 
Tousey—562(A) 

Reflection of quartz in region 9 mu, S. Silverman—158 

Refractive index of aqueous solutions of ethyl alcohol 
effect of pressure, F. E. Poindexter, J. S. Rosen—760(A) 

Refractive index of H*,0, D. B. Luten, Jr.—161 

Transmission of F in ultraviolet, photoelectric, W. M. 
Powell, Jr.—154 


Optical instruments (see Methods and instruments) 
Optical theory 
Direction of extraordinary ray in uniaxial crystal, R. V. 
Baud—121(A) 
Oscillator 
Magnetron, for microwaves, E. G. Linder—656(L) 


Paschen-Back effect 
Multiplet of Zn and Cd, J. B. Green, D. E. Gray—273 


Photoelasticity 
Stress evaluation in systems of plane stresses, W. H. 
Haupt—122(A) 
Photoelectric eflect and properties; cells 
Energy distribution of electrons from K films on Ag, 
J. J. Brady—745(A) 
High energy quanta, theory, H. Hall—216(L), 620 
Motion of electrons near plane plate, A. M. Cravath— 
138(A) 
Spatial distribution of photoelectrons, J. A. Van den 
Akker—49 
Thin metallic films, D. Roller, D. Wooldridge—119(L) 
Thresholds of (100) and (111) faces of Cu crystal, N. 
Underwood—745(A) 
Work function, thermionic and photoelectric, J. A. 
Becker, W. H. Brattain—694 


Photography 
Electric latent image, V. K. Zworykin—564 (A) 


Photo-ionization (ste Ionization by radiation) 
Photometry 
Analysis of intensity complex, R. C. Williams, R. C. 
Gibbs—566(A) 
Integrating a-ray photometer for x-ray crystal analysis, 
G. J. Mueller—762(A) 
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Rotating flashometer, W. E. Forsythe, M. A. Easley— 
127(A) 

Sensitivity of x-ray film, G. L. Locher, D. P. LeGalley— 
292(A) 

Transmittancy determined by the Hilger rotating sector- 
photometer, A. Dingwall, R. G. Crosen, H. T. Beans— 
128(A) 


Photons 

Collision of, J. L. Synge—500(L) 

Collisions between photons, A. L. Hughes, G. E. M. 
Jauncey—217(L) 

Experiment to detect spin, R. A. Beth—296(A) 

Klein-Nishina formula, test in 50-20 X.U. region, J. 
Read, C. C. Lauritsen—433 

Possibility of collision of two quanta, G. Breit, J. A. 
Wheeler—766(A) 3 

Possibility of measuring spin, G. F. Hull—737(A) 

Radiation from annihilation of protons and electrons, 
A. L. Hughes, G. E. M. Jauncey—217(L) 


Photronic cells (see Barrier-layer photo-cells) 


Piezoelectric effect 
Space-charge effect in resonators, W. G. Cady—740(A) 


Polarization of radiation 
Light at sea, E. O. Hulburt—285(A) 
Polarization of fluorescence radiation, I. S. Lowen, G. 
Breit—120(L) 
Skylight, during solar eclipse, W. M. Cohn—848(L) 
Positive electron 
Absorption, e/m ratio, focussing, J. Thibaud—781 
Errata: Production of positives by nuclear y-rays, L. 
Nedelsky, J. R. Oppenheimer—283(L) 
Formation from photon collisions, G. Breit, J. A. 
Wheeler—766(A) 
Limitation of theory, W. H. Furry and J. R. Oppen- 
heimer—903(L) 

Production of high energy electron pairs, W. H. Furry, 
J. F. Carlson—137(A) 

Production by nuclear y-rays, L. Nedelsky, J. R. Oppen- 
heimer—136(A) 

Production and properties, C. D. Anderson—290(A) 

Theory of, W. H. Furry, J. R. Oppenheimer—245; 
G. E. Uhlenbeck—290(A); W. H. Furry, J. R. Oppen- 
heimer—343(L) 


Positrons 

Energy range from artificially radioactive elements, C. 

D. Anderson, S. H. Nedermeyer—653(L) 

Potentials, critical (see also Ionization potentials) 

Alternating-current method, R. W. Hickman—287(A) 
Probability of ionization (see Efficiency of ionization) 
Radio 

Low noise amplifiers, G. L. Pearson—740(A) 
Radioactivity 

a-particles ejected from solids, R. D. Evans—29, 136(A) 


Artificial, C bombarded by deuton and proton, L. R. 
Hafstad, M. A. Tuve—902(L.) 


929 


Artificial; deuton bombardment, M. C. Henderson, M.S 
Livingston, E. O. Lawrence—428(L) 

Artificial; energy of positrons, C. D. Anderson, S. H. 
Neddermeyer—653(L) 

Artificial; energy spectra of positrons, S. Neddermeyer, 
C. D. Anderson—498(L) 

Artificial; by neutron bombardment, J. R. Dunning, G. 
B. Pegram—768(A); A. Bramley—901(L) 

Artificial; production of positrons; deuton bombardment, 
H. R. Crane, C. C. Lauritsen—430(L) 

Artificially radioactive substances; gases, H. R. Crane, 
C. C. Lauritsen—497(L), 746(A) 

Color of smoky quartz, N. M. Mohler—743(A) 

Geiger-Nuttall law, A. E. Ruark—564(A) 

Half-life of actinouranium, F. Western, A. E. Ruark— 
628, 744(A) 

Haloes and age of minerals, G. H. Henderson—216(L) 

Induced radioactivity in targets bombarded by deuter- 
ium ions, L. R. Hafstad, M. A. Tuve—767(A) 

Levels of radioactive elements; applications to 8, y and 
x-ray spectra, F. A. Maxfield, A. E. Ruark—744(A) 

Neodymium, 8-rays, W. F. Libby—845(L) 

Radiations of Ac family, A. E. Ruark—564(A) 

Ra content of lavas, R. D. Evans, H. Williams—137(A) 

Ra-U ratio, isotopes of actinouranium, A. E. Ruark, F. 
Western—69 

Recovery of activity after heating, C. T. Knipp—744(A) 

Of Sm, D. Lyford, J. A. Bearden—743(A) i 

Search for neutrons with 8-rays, G. H. Denison,—557(1.) 

Segregation of Po in bismuth crystal, W. W. Eaton— 
647(L) 

Stability of H?, R. Ladenburg—224(L); 495(L) 

Statistical fluctuations, R. D. Evans—137(A) 

Th content of rocks, R. D. Evans—38 


Raman Spectra 


Of H*,0, R. W. Wood—297(A), 392, 565(A), 732(L) 
Of neopenty!“deuteride, D. H. Rank, E. R: Bordner, K. 
D. Larsen—566(A) 
Of N,O; rotational, D. Bender—732(L) 
_ Of sodium nitrate, sodium acetate, acetic acid, E. R. 
Laird, D. A. Franklin—738(A) 
Relativity 
Collision problems and the conservation laws, B. Hoff- 
mann—734(L) 
Dirac equations in projective relativity, O. Veblen, J. 
Von Neumann, A. H. Taub—769(A) 
Ether-drift experiment, temperature effects, G. Joos, 
D. C. Miller—114(L) 
Levi-Civita’s wave equation, B. Hoffmann—289(A) 
Stable universe compatible with red shift, F. S. C. 
Northrop—737A 


Variation of ether-drift experiment, P. B. Carwile— 
755(A) 


Resistance, electrical (see also Electrical conductivity and 
resistance) 


Magneto-resistance of Bi films at low temperatures, C. T. 
Lane—733(L) 
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Scattering of electrons, ions and molecules (see also 

Electrons in gases; Electron diffraction) 

Electron scattering in Hg, A. P. Gagge—288(A) 

Of H:2 and He in Hg, R. M. Zabel—287(A), 760(A) 

By Hg atoms; Mott’s theory, E. B. Jordan—47, 136(A) 

Small angle scattering of K atoms, W. H. Mais, I. I. 
Rabi—565(A) 

Zero angle inelastic scattering in He, R. L. Womer— 
689 


Secondary electrons (see Electrons, secondary) 


Soils 
Ideal rigid gel, W. O. Smith—748(A) 
Vapor sorbed by an ideal soil, W. O. Smith—767(A) 


Solid state (see also Crystalline state) 
Magneto-resistance of Bi films at low temperatures, C. 
T. Lane—733(L) 


Two new phenomena at very high pressure, P. W. Bridg- 
man—844(L) 


Solutions 


Dielectric behavior of dilute binary solutions, F. E. 
Hoecker—741(A) 


Spark discharge (see also Discharge of electricity in gases) 
Dissociation, excitation and emission, W. Finkelnburg— 
133(A) 
Electrical breakdown processes, L. B. Snoddy, Cc. D. 
Bradley—432(L), 751(A) 


Specific heat 
Ratio to thermal expansion, W. J. Jackson—285(A) 


Spectra, absorption (see also Absorption of light) 


Of ammonia, C. E. Cleeton, N. H. Williams—234 

As», new band system, G. E. Gibson, A. Macfarlane— 
899(L) 

Of Sbe, S. M. Naudé—280(L) 

Of Csz, P. Kusch, F. W. Loomis—752(A) 

Of Calciferol (vitamin D), E. Shelow—126(A) 

Of COs, E. F. Barker, T.-Y. Wu—1 

Of compounds derived from living cells, F. F. Heyroth, 
J. R. Loofbourow—126(A) 

Of formaldehyde, ultraviolet, G. H. Dieke, G. B. 
Kistiakowsky—4 

Of heavy water, infrared, J. W. Ellis, B. W. Sorge— 
757(A) 

Of heavy water, ultraviolet, J. Franck, R. W. Wood— 
667 

Of I, J. H. McLeod—-289(A), 802 

Of I., D. T. Warren—561i(A) 

I (atomic) in ultraviolet, J. H. McLeod—802 

Infrared band of arsine, W. V. Norris, H. J. Unger—68(L) 

Infrared spectrum of water, containing deuterium, A. L. 
Casselman-—221(L) 

Of Oz, extreme ultraviolet, G. B. Collins, W. C. Price— 
561(A) 

O, and O» molecules, J. W. Ellis, H. O. Kneser—133(A) 


Of phosphine infrared absorption, L. W. Fung, E. F. 
Barker—238 

Of NaK, F. W. Loomis, M. J. Arvin—753(A) 

Vibrational levels of HCN, A. Adel, E. F. Barker—277 


Spectra, atomic 

Of A, infrared, R. M. Woods, B. J. Spence—669 

Atomic energy relations; calculations, R. F. Bacher, 
S. Goudsmit—559(A) 

Of Cs III and Ba IV, Sister M. A. Fitzgerald and R. A. 
Sawyer—748(A) 

Of Ce Land Ce II, G. R. Harrison, W. Albertson—289(A) 

Of CL III, CL IV, Cl V, I. S. Bowen—401 

Dirac vector model in complex spectra, J. H. Van Vleck 
—405 

Dirac vector model; several configurations, R. Serber— 
461 

Doppler displacements in H canal rays, A. I. McPherson 
—485 

Doublet separations of H'a and H*a, R. C. Gibbs, R. C. 
Williams—221(L) 

Electrostatic interaction, R. F. Bacher, S. Goudsmit— 
767(A) 

Of Eu II, W. Albertson, 499(L) 

Of F II, F III, F IV, I. S. Bowen—82, 132(A) 

Forbidden lines in Pb I, J. Blaton, H. Niewodniczafiski— 
64(L) 

He and H6@ intensities in electrodeless discharge, O. 
Stuhlman, Jr., M. S. McCay—750(A) 

Inversion of doublets in alkali-like spectra; erratum, M. 
Phillips—428(L) 

I,, ultraviolet absorption. J. H. McLeod—802 

Isotope shift in Mg, R. F. Bacher, R. A. Sawyer—125(A) 

Of La III, R. C. Gibbs, G. K. Schoepfle—747(A) 

Of Pb II, L. T. Earls, R. A. Sawyer—748(A) 

Of Pb V, G. K. Schoepfle—747(A) 

Of Mo V, M. W. Trawick—289(A) 

Of Nel, Ne II, Ne III and Ne IV, J. C. Boyce—759(A) 

New terms in Fe II, J. C. Dobbie—76 : 

Of Os I; normal configuration of Ir, W. Albertson— 
288(A), 304 

Of Se I, J. E. Ruedy, R. C. Gibbs—747(A) 

Separation of Balmer doublets, W. V. Houston, Y. M. 
Hsieh—132(A), 263; R. C. Williams, R. C. Gibbs— 
475; N. P. Heydenburg—759(A) 

Solution of eigenvalue problems in any number of dimen- 
sions, G. E. Kimball, G. H. Shortley—560(A) 

Jidths of x-ray bands in solids, J. Rehner, Jr.—735(L) 


Spectra, continuous 


Electron radiation in gas discharge, W. Finkelnburg— 
341(L) 


Spectra, general 


Active N: and auroral spectrum, J. Kaplan—761 

Emission and absorption from 2*P, in Hg, M. L. Pool, 
O. W. Prashun—124(A) 

Of Rb in Hg are, I. A. Balinkin, D. A. Wells—124(A) 

Spectral distribution of photo-flash lamp, W. E. For- 
sythe, M. A. Easley—123(A) 
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Spectra, molecular (see also Molecular structure and 
constants) 


Of acetylene containing H*, H. M. Randall, E. F. 
Barker—124(A) 

Acetylene and ethylene, ultraviolet, W. C. Price—843(L) 

Of AIH*, G. M. Almy, M. C. Watson—753(A), 871 

Band, of NH and corresponding NH? band, G. H. Dieke, 
R. W. Blue—395 

Of BaCl and BeCl, A. E. Parker—752(A) 

Of BaCl, green bands, A. E. Parker—290(A) 

Be Cl; ultraviolet, W. R. Fredrickson, M. E. Hogan, Jr. 
—222(L) 

Of CD; fourth positive bands, D. N. Read—752(A) 

Of C S,'F. H. Crawford, W. A. Shurcliff—860 

Electronic isotope effects, H. L. Johnston—79 

Of formaldehyde, analysis, A. Nordsieck—133(A) 

Of HfO, R. W. Shaw, H. C. Ketcham—753(A) 

Of HCI flame, J. Strong—769(A), 877 

Of H'H®; ultraviolet, C. R. Jeppeson—480 

Of “heavy” ammonia, R. B. Barnes, W. S. Benedict, 
C. M. Lewis—347(L) 

Intensity distributions as temperature indicator, O. S. 
Duffendack, R. W. Revans, A. S. Roy—807 

Of MgF, isotope effect of Mg, F. A. Jenkins, R. Grinfeld 
—133(A), 229 

Motions of a chain of four atoms, L. S. Kassel, C. W. 
Montgomery—766(A) 

Of Nz, W. W. Watson, P. G. Koontz—561(A) 

Of Ne, new bands, J. Kaplan—675, 133(A), 757(A), 
898(L) 

Of N,0O;; ultraviolet, E. H. Melvin, O. R. Wulf—751(A) 

OH isotope bands, R. W. Shaw, R. C. Gibbs—124(A) 

Of rare earth compounds, C. J. Rodden, O. S. Plantinga 
—280(L) 

Resonance spectra of Bra, H. J. Plumley—678 

Rotation-vibration coupling in diatomic molecules, C. 
L. Pekeris—98 

Structure of triatomic molecules, A. V. Bushkovitch— 
545 

Temperature of gases from intensities of band spectra, 
abnormal rotation, O. Oldenberg—291(A), 738(A) 

Of SnO, T. F. Watson, F. W. Loomis—753(A) 

SnO, new band at 36,803 cm=!, F. W. Loomis, T. F. 
Watson—805 

TiO isotope bands; search for, H. P. Knauss, H. M. 
Strong, H. L. Johnston—124(A) 

Vibrational isotope effects, J. E. Rosenthal—426(L); 
E. B. Wilson, Jr.—427(L) 

Vibrational isotope effects in three-particle systems, A. 
Adel—56 

Vibrations of tetrahedral pentatomic molecules, J. E. 
Rosenthal—538, 766(A) 

Of H,0 vapor, L. G. Bonner—496(L) 


. Spectra, Raman (see Raman spectra) 


Spectra, x-ray (see also X-ray spectra) 
Widths of x-ray bands in solids, J. Rehner, Jr.—735(L) 


Spectroscopy, technique 

Analysis of intensity complex, R. C. Williams, R. C. 
Gibbs—566(A) 

Automatic comparator and wave-length reducer for 
spectrograms, G. R. Harrison—760(A) 

Double-coated Schumann films; visible and ultraviolet, 
H. P. Knauss, R. V. Zumstein—124(A) 

Wave-length standards in extreme ultraviolet, J. C. 
Boyce—289(A) 


Spinor analysis 
Interpretation, O. Veblen—127(A) 
Significance in modern physics, O. Laporte—126(A) 


Sputtering 
Disintegration of deposits, E. A. Johnson, L. Harris— 
288(A), 630 


Statistical mechanics (see Mechanics, statistical) 
Sun (see Astrophysics) 


Thermal expansion 
Of alloys and glass, A. W. Hull—285(A) 
Of Ni monocrystals near Curie point, C. Williams— 
741(A) 
Ratio to constant pressure, W. J. Jackson—285(A) 


Thermionic emission of electrons; Emitting surfaces (see 

also Electron tubes) 

Cb, H. B. Wahlin, L. O. SordahI—886 

Image of emitting surface, electron lens, C. J. Calbick, 
C. J. Davisson—764(A) 

New method of measuring emission, C. G. Found—519 

Radiation characteristics of oxide cathodes, W. T. 
Millis, E. F. Lowry—764(A) 

From thoriated W, W. B. Nottingham—765(A) 

Work function of thoriated W at zero field, N. B. 
Reynolds, W. B. Nottingham—765(A) 

Work functions of Cb, H. B. Wahlin, L. O. Sordahl— 
764(A) 

Work functions, slope and intercept of Richardson plots, 
J. A. Becker, W. H. Brattain—694 


Thermionic emission of positive ions} emitting surfaces 
Ch, H. B. Wahlin, L. O. SordahI—886 
Ionization of K on W wire, M. J. Copley, T. E. Phipps— 
344(L) 
Velocity distribution of ions from W, G. J. Mueller— 
295(A), 314 


Thermodynamics 
Derivation of relations for simple system, A. N. Shaw— 
285(A) 
Thermionic emission, J. A. Becker, W. H. Brattain— 
694 


Thermoelectric effects 


Of the alkalis, A. Sommerfeld—65(L) 
Anomalous phenomena, E. Weber—740(A) 
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Vacuum tubes 
For G-M counters, L. Fussell, Jr., T. H. Johnson—294(A) 
Grid controlled Hg vapor rectifier, P. H. Craig—563(A) 
Production of 1.1 cm electromagnetic waves, C. E. 
Cleeton, N. H. Williams—234 
Tube with variable mu grid, W. Dehlinger—563(A) 


Valence 
Positions of electrons in C, W. P. Davey—763(A) 


Vapor pressure 
Of deuterium, F. G. Brickwedde, R. B. Scott, H. C. 
Urey, M. H. Wahl—565(A) 
Of the H isotopes, change with time, R. B. Scott, F. G. 
Brickwedde, H. C. Urey, M. H. Wahl—762(A) 


Wave mechanics (see Mechanics, quantum, etc.) 


Wave motion 
Elastic waves and motion of electrons in force fields, 
R. B. Lindsay—560(A) 


Work function (see also Thermionic emission of electrons; 
Photoelectric effect) 
Of W, ionization of K, A. L. Reimann—898(L) 


X-rays, absorption 

Deuterium, D. K. Froman—731(L) 

Ionization of liquid CS., F. L. Mohler, L. S. Taylor— 
762(A) 

L-absorption, Au to Bi, C. G. Patten—131(A), 662 

L discontinuities of Bi, L. H. Carr—756(A) 

By light elements, E. Dershem—768(A) 

Secondary structure of K edges, G. P. Brewington— 
756(A) 

Shape, wave-length and width of an x-ray absorption 
limit, F. K. Richtmyer, S. W. Barnes—754(A) 

Of short monochromatic rays, T. M. Hahn—127(A) 

Soft x-rays and the germination of wheat seeds, H. M. 
Benedict, H. Kersten—125(A) 

Theoretical ratio of Ly; and Ly; absorption coefficients, 
M. Phillips—132(A) 

By Xe, T. N. White—296(A) 


X-rays, diffraction, scattering, reflection, refraction and 
polarization 
Amorphous and crystalline scattering; crystal analysis; 
N. S. Gingrich, B. E. Warren—762(A) 
Be for Mo Ka, effect of cold-work and annealing, J. E. 
Boyd—832 


Composition of oxide-coated cathodes, W. P. Jesse— , 


563(A) 

Constant in Compton equation; experimental value, P. 
A. Ross, P. Kirkpatrick—134(A), 223(L) 

Crystal perfection in relation to surface treatment, R. M. 
Bozorth, F. E. Haworth—821 

Diffraction by benzene and cyclohexane, H. K. Ward— 
562(A) 

Diffraction by ethyl ether, R. D. Spangler—756(A) 

Diffraction, gases and liquids, N. S. Gingrich, B. E. 
Warren—292(A) 


Diffraction in glasses, B. E. Warren—657 

Diffraction pattern of vitreous SiO. and GeOs, B. E. 
Warren—292(A) 

Fourier series representation of scattering power in 
crystals, A. L. Patterson—763(A) 

Klein-Nishina formula, test in 50-20 X.U. region, J. 
Read, C. C. Lauritsen—443 

Multiple Laue spots, C. C. Murdock—117(L) 

Rotation of plane of polarization, R. L. McFarlan— 
292(A) 

Scattering coefficients for short wave-lengths, S. J. M. 
Allen—122(A) 

- Scattering from No, G. G. Harvey—848(L) 

Stress analysis by diffraction, C. S. Barrett, M. Gens- 

amer—563(A) 


X-rays, emission (see also X-rays, spectra and spectro- 

scopy) 

Absolute x-ray intensities, G. L. Locher, D. P. LeGalley 
—292(A) 

Characteristic rays from metals; extreme ultraviolet, 
H. M. O'Bryan, H. W. B. Skinner—293(A), 370 

Efficiency of production of Ag Ka x-rays, J. C. Clark— 
134(A) 

Faint lines in L spectra, elements 73 to 90, S. Kaufman— 
385, 613 

Fluorescence yields of L,, and L22 groups, B. E. Foster— 
130(A) 

Fluorescence yields; 13 elements, D. K. Berkey—437 

Forms of bands from metals; theory, H. Jones, N. F. 
Mott, H. W. B. Skinner—379 

Intensities of L-series lines of Au. F. K. Richtmyer, 
S. W. Barnes—562(A) 

Intensities in thick targets of Ni, L. T. Pockman, .P. 
Kirkpatrick, D. L. Webster—131(A) 

Intensity of satellites, atomic No. 47 to 52, F. R. Hirsh, 
Jr., F. K. Richtmyer—754(A) 

Line shapes, L. P. Smith—295(A), 754(A) 

Origin of K a-satellites, E. Ramberg—754(A) 

Polarization of radiation from thick targets, Y. F. 
Cheng—131(A) 

Probability of double jumps, E. G. Ramberg—389 

Satellites of L182; intensities, A. W. Pearsall—562(A), 
S. Kaufman, F. K. Richtmyer—562(A) 

Selection rules, S. K. Allison—755(A) 

Widths of K lines from alloys, L. G. Parratt—364 

Widths of lines and limits in Z series of Au, S. W. 
Barnes—754(A) 

Widths of L-series lines, J. H. Williams—71 

Widths of x-ray bands in solids, J. Rehner, Jr.—735(L) 


X-rays, spectra and spectroscopy, wave-length measure- 

ments (see also X-rays, emission) 

Of Aland Mg, L spectrum, T..H. Osgood—753(A) 

Crystal and grating wave-lengths, A. E. Ruark—827 

Crystal wave-length measurements; determination of 
h/e*®, P. Kirkpatrick, P. A. Ross—135(A), 454 

Double crystal spectrometer, L. P. Smith—295(A) 

Filter method for measuring width of the Compton line, 
E. O. Wollan—755(A) 
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Line shapes by double crystal spectrometer, L. P. Smith X-rays, tubes, apparatus 
—754(A) Commercial production of super-voltage tubes, C. A. 
Perfection of quartz crystals, F. E. Haworth, R. M. Poole, W. S. Werner—756(A) 
Bozorth—762(A) 400 kilovolt tube for therapy, R. R. Newell, F. B. 
Quadrupole lines in Ru K series, E. Wilhelmy—754(A) Duveneck, A. W. Hackney—135(A) 


Rocking curves by transmission through calcite, T. R. Shielded filament x-ray tube, E. Dershem—756(A) 
Cuykendall, S. W. Barnes—617 


Th, K series, J. C. Hudson, H. G. Vogt, A. H. Arm- Zeeman effect 
strong—755(A) Anomalies in He, L. E. Kinsler, W. V. Houston—134(A) 
Wave-lengths from crystals and ruled gratings, A. E. e/m from Cd and Zn lines, L. E. Kinsler, W. V. Houston 
Ruark—744(A), 827 —104, 134(A) 


